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This thesis documents a paleoseismic study of the Northwest (NW) Cardrona Fault at the 
Branch Creek Road site in the Cardrona Valley, Central Otago. The northeast-striking NW 
Cardrona Fault is a major range-bounding reverse fault with as much as c. 1 km of late 
Cenozoic, west-side-up, throw. It forms the northwestern component of a significant 
geological structure, the Nevis-Cardrona Fault System, and defines the western margin of 
the Otago ‘Range and Basin’ reverse fault province. A pre-existing knowledge of the NW 
Cardrona Fault was based mostly on mapping, trenching, and dating led by the late Sarah 
Beanland in the 1980s, as part of seismic hazard investigations for hydroelectric 
development (Beanland and Barrow-Hurlbert 1988). The Branch Creek Road trench was 
excavated in 1984 by Sarah Beanland across a scarp of the NW Cardrona Fault that shows 
east-side-up displacement; the opposite sense to that of the rest of the fault. Beanland’s 
early interpretations suggested the occurrence of three rupture events at the site; however, 
age control on the timing of these events was limited by the dating techniques available at 
the time. This thesis documents a re-excavation of the Branch Creek Road trench and 
interpretation of fault rupture chronologies via Optically Stimulated Luminescence (OSL) 
dating. With the aid of nine OSL samples, the timing of these events has been constrained 
to the following: an antepenultimate event between 37,800 ± 4,000 and 39,300 ± 4,400 
years; a penultimate event between 27,200 ± 2,800 and 28,200 ± 2,600 years; and, the most 
recent event most prudently placed between 3,300 ± 600 and 14,300 ± 1,400 years. The 3.5 
m of cumulative dip-slip displacement measured across these three surface rupture events 
equates to an average dip-slip single-event displacement of c. 1.2 m. Lastly, the opposite 
sense of fault slip at this site relative to other parts of the fault is interpreted as being a 
short-lived structural complexity, in that the fault is accommodating surface slip above the 
blind master NW Cardrona fault. Ruptures on the Branch Creek trace are therefore 
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This study aims to determine the location and recurrence behaviour of the Northwest (NW) 
Cardrona Fault in Central Otago, New Zealand. This chapter provides an overview of the 
topics addressed in the thesis, i.e. active faults, earthquakes, and seismic hazard, followed 
by a summary of the regional tectonic setting and associated active faults of the Otago 
region. Included is a review of the previous work in the area, and the techniques utilised in 








1.2.1 Active faults 
 
A fault may be defined as a zone of heterogeneous lithology and anisotropic structure 
within the Earth’s lithosphere that accommodates the localised deformation of rock (Caine 
et al. 1996; Ben‐Zion 2008). An ‘active’ fault has recently been introduced as a fault that 
“shows evidence of surface rupture or ground deformation during the current tectonic 
regime” (Villamor et al. 2018, p. 33); the current tectonic regime being the length of time 




subsequent deformation style (fault type, fault activity, and seismicity) have been 
functioning in a region (Villamor et al. 2018). This definition is certainly more appropriate 
for low seismicity regions like Otago than the long-standing definition used for over 30 
years in New Zealand, i.e. a fault that has deformed the ground surface repeatedly in the 
last 125,000 years (Langridge et al. 2016). 
 
Faults can be classified in terms of their geometry. Geometry refers to the shape and 
relationships between points, lines, and angles on a fault plane, and are related to the 
principal stresses within the crust (Anderson 1951). For a non-vertical fault (i.e. not 
oriented 90º to the surface of the Earth), the adjacent blocks of rock are defined as the 
overlying hanging-wall and the underlying foot-wall (Fossen 2010). Movement on faults 
can be described as dip-slip, strike-slip, or oblique-slip. Depending on the direction of 
relative movement, dip-slip and strike-slip faults can be further subdivided into normal or 
reverse, and dextral or sinistral faults, respectively.  
 
Where the hanging-wall is downthrown relative to the foot-wall, the fault is classified as a 
normal fault. This geometry is typical of an extensional tectonic regime where there is a 
relief of pressure in the horizontal planes and the principal stress is vertical (Figure 1.1). 
For example, the Taupō Volcanic Zone, comprised of numerous normal faults, is associated 
with NW-SE extension of c. 8  4 mm/yr (e.g. Rowland and Sibson 2001).  
 
Where the hanging-wall is thrust upwards relative to the foot-wall, the fault is described as 
reverse. This geometry is typical of a compressional tectonic regime where the most 
considerable principal stress is in one of the horizontal planes (Figure 1.1). The Akatore 
Fault of East Otago is a reverse fault associated with directional shortening (c. 2 mm/yr; 
Stirling et al. 2012) across the lower South Island (Litchfield and Norris 2000).  
 
Where the adjacent walls of rock are displaced laterally, the fault is described as strike-slip. 
In this case, the greatest principal stress is in one of the horizontal planes, with the weakest 
principal stress in the horizontal plane at right angles to the first (Figure 1.1). The faults of 
the Marlborough Fault System (MFS) are strike-slip faults and are associated with the 
transition between oblique-slip on the Alpine Fault to subduction along the Hikurangi 




defined as dextral, in which the movement is right-lateral, or sinistral, where the movement 
is left-lateral. The Wairarapa Fault in the lower North Island is a major strike-slip fault, 
reported having experienced up to 18.7 m of dextral strike-slip movement when it last 
ruptured in 1855 (Rodgers and Little 2006). The Dillon and Acheron faults of the MFS are 
New Zealand examples of sinistral faults (Eusden Jr et al. 2012).  
 
Some faults may exhibit both dip-slip and strike-slip behaviour and are referred to as 
oblique-slip. For example, the Alpine Fault experiences a maximum of 8–12 mm/yr of dip-
slip deformation and c. 27–29 mm/yr of strike-slip deformation in the Central portion of 
the fault, associated with compression along the Australian-Pacific plate boundary (Norris 
and Cooper 2001; Barth et al. 2013). 
 
 
Figure 1.1: Different fault geometries and their relation to the principal or applied normal stresses (𝜎𝑛) in the 





Several related faults may comprise a fault zone or system, which can include master faults, 
folds, secondary faults, and fault traces (Beanland and Barrow-Hurlbert 1988). A master 
fault is generally the longest and most active fault in a fault zone or system. Folds are 
characterised by deformation in the form of tilting, buckling, or warping of the ground 
surface (Barrell 2019). Secondary faults are either synthetic, where the dip is in the same 
direction as the master fault, or antithetic, where the dip is in the opposite direction to the 
master fault (Figure 1.2; Fossen 2010).  
 
 
Figure 1.2: Relationship between master fault geometry and secondary (synthetic or antithetic) faults 




The strength of a fault, or its ability to remain locked and store elastic strain, is a function 
of the frictional resistance to slip (μ), effective normal stress (σn), pore pressure (P), and 
the cohesive strength (τO). A fault is held in place by the applied normal stresses (σn), which 
negate the shear stresses (τ) that would otherwise act to slide the two sides of the fault in 
opposite directions. The failure condition to initiate rupture (Equation 1.1) can, therefore, 
be written as: 
τcrit =  μ(σn − P) + τO 1.1 
 
Should the failure condition be breached, stored elastic strain will be released as an 
earthquake. Earthquakes are frequent in tectonically active regions, e.g. across plate 
boundaries, but often occur in continental interiors where shear stress levels are close to 
the strength limit of the crust (Ellsworth 2013). 
 
During an earthquake, elastic strain energy stored across a fault during an interseismic 
period is dynamically released, radiating seismic waves and causing the irreversible motion 




measured by a recording station known as a seismograph. A seismometer is an actual sensor 
that moves with the earthquake, recording displacement, velocity, or acceleration 
depending on the instrument. The result is a seismogram. The size or magnitude of an 
earthquake is a logarithm of the amplitude of a seismogram, corrected for distance and 
instrument response. There are three main types of magnitude; the Richter magnitude (ML), 
surface-wave magnitude (MS), and moment magnitude (MW; Hanks and Kanamori 1979; 
Equation 1.2). Moment magnitude is the universal measure of magnitude. It is derived from 
the size of the earthquake source or the seismic moment (M0; Aki and Richards 1980; 
Equation 1.3), where µ is the rigidity modulus of the lithology, L is fault length, W is fault 
width, and D is single-event displacement. For every 1.0 increase in magnitude, the seismic 







𝑀0 = 𝜇𝐿𝑊𝐷 (1.3) 
 
The release of energy in an earthquake presents damaging, and often fatal, primary and 
secondary hazards. Primary seismic hazards may include surface rupture and ground 
motion, and secondary seismic hazards may include liquefaction, lateral spreading, 
landslides, mass movement, and tsunamis (Figure 1.3). Surface rupture occurs when a 
propagating fault reaches the fault surface, producing cracks, displacement, tilting, or folds. 
Strong ground shaking occurs when seismic waves propagate through the shallow layers 
of the Earth, resulting in horizontal and vertical shaking at the ground surface. Ridgelines 
and clifftops, as well as sedimentary basins, may experience enhanced ground motion due 
to topographic amplification of seismic waves, or reflection of waves off the interface 
between basement rock and unconsolidated sediments (Bishop 1974a; Meunier et al. 2008; 
Assimaki and Jeong 2013). Ground motion can be quantified in non-instrumental terms, by 
the effect it has on people and built structures. The human-felt scale of earthquake shaking 
is defined as the intensity, which ranges from I (not felt) to XII (total damage; e.g. Dowrick 
1996). The Modified Mercalli Intensity (MMI) scale is the most commonly used scale to 
quantify shaking intensity and is traditionally based on felt reports. Other measures of 




velocity (PGV, measured in cm/s). Shaking can also be measured within structures that 





Figure 1.3: Damage from New Zealand earthquakes: A) Kēkerengū Fault rupture displacing a road and house 
by 10 m in the MW 7.8 2016 Kaikōura earthquake; B) Landslides blocking State Highway 1 at Ōhau Point 
after the Kaikōura earthquake; C) Shaking damage in red-zone area in the 2011 MW 6.2 Christchurch 
earthquake; D) Car trapped by liquefaction during the Christchurch earthquake; E) Buckled railway produced 
by the 1987 MW 6.5 Edgecumbe earthquake; and, F) Main normal fault displacement produced by the 










1.2.3 Active fault data for seismic hazard modelling 
 
Seismic hazard models require data sets that define the location, recurrence, magnitude, 
and predicted ground motions of past earthquakes. Fault data are often used to develop 
characteristic earthquakes for the fault sources in a region. The ‘Characteristic Earthquake 
Model’ of Schwartz and Coppersmith (1984) assumes two conditions: 1) faults rupture at 
approximately regular time intervals with constant increments of slip (Berryman and 
Beanland 1991; Stirling et al. 2012), based on the theory of elastic rebound (Reid 1910); 
and 2) the magnitude of the earthquakes will be within a relatively narrow range (Schwartz 
and Coppersmith 1984). This information becomes the input for a seismic hazard model, 
which provides an estimate of the ground motions that the sources are likely to produce 
across a region for a particular return period (Stirling et al. 2012). However, investigations 
on many faults have presented evidence for faults rupturing at irregular time intervals. 
Instead, they may exhibit episodic earthquake behaviour (e.g. Schwartz 1989; Sieh et al. 
1989; Marco et al. 1996; Crone et al. 1997; Dorsey et al. 1997; Chéry and Vernant 2006). 
It has been suggested that this may be a reflection of stress-dependent behaviour of active 
fault systems, in which individual faults are components of an interacting fault array 
(Robinson et al. 2009). This behaviour is generally not incorporated into seismic hazard 
models. If it is, it depends largely on the completeness and quality of the fault and 
seismicity databases in the region. Updated fault source information is therefore essential 









1.3.1 Alpine Fault 
 
New Zealand’s seismic activity can be primarily attributed to its position on the boundary 
between two major pieces of the Earth’s crust; the Australian and Pacific plates. Joining 
the west-dipping Hikurangi subduction margin in the northeast to the east-dipping 
Puysegur subduction margin in the southwest, the Alpine Fault is the c. 850-km-long (c. 
600 km onshore) principal structure that represents significant localisation of strain along 
this plate boundary (Figure 1.4; Davey et al. 1998; Sutherland et al. 2006; Barnes 2009; 
Barth et al. 2012), having experienced c. 70 km of crustal shortening normal to the fault 
(Allis 1986; Norris et al. 1990) and 480 km of cumulative dextral strike-slip motion 
(Wellman 1955). Extending up the western side of the South Island, the Alpine Fault strikes 
on an average bearing of 055, and is partitioned into five sections based on geomorphic and 
structural attributes: the Wairau; North Westland; Central; South Westland, and Fiordland 
sections (Barth et al. 2013). Howarth et al. (2018) calculated an average dextral strike-slip 
rate of 28 ± 4 mm/yr for the Central section of the fault (SE being the net uplifted side) 
from data in Norris and Cooper (2001). Similarly, Barth et al. (2014) calculated a dextral 
slip-rate of 29.6 (-2.5/+4.5) mm/yr for the onshore portion of the South Westland section 
(NW being the net uplifted side), while Barnes (2009) calculated a rate of 27.2 (-3.0/+1.8) 
mm/yr to 31.4 (-3.5/+2.1) for the offshore portion. The maximum rate of dip-slip motion 
(8–12 mm/yr; Norris and Cooper 2001; Barth et al. 2013) occurs in the Central section of 
the fault, where several peaks surpass 3000 m above sea level (e.g. Aoraki / Mt Cook). This 
dip-slip rate decreases both northwards and southwards of the Central section, reducing to 
c. 0 mm/yr southwest of Jackson Bay (Norris and Cooper 2001). With the relative 
convergent motion between the Australian and Pacific plates calculated to be c. 39 mm/yr 
with a shortening component of 6–9 mm/yr (Beavan et al. 2010), transpression across the 





Figure 1.4: Map showing geomorphic sections of, and features relating to, the plate boundary throughout the 
South Island of New Zealand (after Barth et al. 2013). The inset illustrates the tectonic setting of New Zealand 
as a whole, with major plate boundary features, plate velocity vectors (in mm/yr), and subduction margins 
(modified from Berryman et al. 2012).  
 
1.3.2 Otago Range and Basin province 
 
Late Cenozoic crustal shortening oriented normal to the Alpine Fault is reflected by a series 
of faults and folds across the Otago region (Figure 1.4; Figure 1.5). These structures 
collectively define the Otago Range and Basin province and form the 200-km-wide 
outboard zone of Australia-Pacific plate continental collision (Litchfield and Norris 2000). 
Compression across three distinctive sets of structures has resulted in the characteristic 





striking set of faults that dip to the northwest at the surface, and bound northwest-tilted 
blocks (e.g. NW Cardrona, Pisa, and Dunstan faults). The second is a NE-SW-striking set 
of faults that dip to the southeast at the surface, and bound southeast-tilted blocks (e.g. Titri 
and Akatore faults). The third are NW-SE-striking range fronts that are usually bound on 
the southwest flank by likely northeast-dipping faults (e.g. Grandview and Waihemo 
faults), and are common in the northeastern portion of Central and North Otago.  
 
 
Figure 1.5: Diagram of the Otago region (white outline) showing tectonic structures relevant to this study and 
those within the Otago Range and Basin province (red lines). This is a combination of both Barrell (2019) 
and GNS Active Faults Database fault data (https://data.gns.cri.nz/af/). The Nevis and NW Cardrona faults 
collectively make up the Nevis-Cardrona Fault System (NCFS) of Beanland and Barrow- Hurlbert (1988), 
and the Pisa and Grandview faults form the Pisa-Grandview Fault Zone (PGFZ) of Beanland and Berryman 
(1989). 




1.3.3 Earthquake recurrence behaviour for the Otago Range and Basin province 
 
Based on observations within the Great Basin province in the Western United States, 
Wallace (1984, 1987) was the first to develop the idea of temporal and spatial variations in 
slip and faulting events, and migration of such events along a fault and throughout a region. 
This idea has developed further into the concept of parallel faults exhibiting episodic 
activity (or aperiodic recurrence behaviour) to accommodate strain across a region (Norris 
and Nicolls 2004). This behaviour involves a fault undergoing a period of heightened 
activity followed by a period of quiescence as activity migrates to a neighbouring structure, 
and has been described from other parts of the world (Sieh et al. 1989; Marco et al. 1996; 
Dorsey et al. 1997). 
 
Beanland and Berryman (1989) were the first to propose episodic activity on a fault within 
the Otago Range and Basin province (i.e. the Pisa-Grandview Fault Zone; PGFZ). It was 
suggested that the faults within this province might form an interconnected and complex 
system above a low-angle decollement thrust associated with the plate boundary 
deformation to the west (Figure 1.6). This theory could provide a mechanism by which 
stresses are transferred across the system, resulting in different faults accommodating stress 
and being active at different times.  
 
 
Figure 1.6: Schematic cross-section of the Otago Range and Basin province showing topography, some of 
the major faults, Tertiary and Quaternary sediments (black infill), and proposed low-angle decollement thrust 





Evidence for episodic activity or aperiodic behaviour has since been described for other 
faults in the Otago region (Jackson et al. 2002; Norris and Nicolls 2004; Litchfield and 
Lian 2004; Taylor-Silva et al. 2019). A summary of the previous work and recurrence 
behaviour of faults within the Otago Range and Basin province has been provided below. 
 
1.3.3.1 Akatore Fault 
 
The 65-km-long Akatore Fault is the eastern-most onshore member of the Otago fault-fold 
belt (Litchfield and Norris 2000). Taylor-Silva et al. (2019) presents the first paleoseismic 
trenching investigation on the Akatore Fault. With the use of subsurface investigations and 
trenching methods combined with radiocarbon and Optically Stimulated Luminescence 
(OSL) dating methods, the timing of three Holocene rupture events was able to be refined. 
An antepenultimate event was constrained to between 10,400  1,700 and 1,326  22 years 
before present (yr BP), and both the penultimate and most recent event (MRE) have been 
constrained to between 1,326  22 and 776  22 yr BP. Results of a subsurface investigation 
indicated that a 125,000-year-old marine terrace had been displaced by c. 4 m. As the single 
event displacement for each event was estimated to be 1–2 m, this offset could be accounted 
for by the Holocene events alone, suggesting a period of quiescence between 125,000 and 
c. 10,000 yr BP. These observations imply that a period of quiescence, lasting around 
100,000 years (or more), was followed by three ruptures in the space of c. 10,000 years. 
Thus, the Akatore Fault appears to be behaving in a highly aperiodic manner. 
 
1.3.3.2 Titri Fault 
 
Initial attempts to constrain activity on the Titri Fault were carried out using correlations 
between fan formation and glacial periods (Litchfield 2001) and optical luminescence 
dating of loess within deformed alluvial fans (Litchfield and Lian 2004). This work has 
since been superseded by recent (and the first) paleoseismic trenching efforts at two 
locations along the Titri Fault, which provided conclusive evidence for multiple late 
Quaternary surface ruptures on the Titri Fault (Villamor et al. 2018 and references therein). 
The fault appears to be in an active period, with a calculated recurrence interval of >5,000 





1.3.3.3 Hyde Fault 
 
Beanland et al. (1982, as cited in Salton 1995) identified a series of lineaments along the 
base of the Rock and Pillar Range using aerial photographs, which were inferred to be a 
surface expression of the Hyde Fault. Initial interpretations from the first-ever trenching 
investigations on the fault (excavated early 2019) provide evidence for two ground 
rupturing events between 22,800  1,800 yr BP and the early Holocene (J. Griffin, pers. 
comm.).  
 
1.3.3.4 South Rough Ridge 
 
Jackson et al. (2002) used in-situ cosmogenic 10Be measurements of quartzite boulders to 
quantify the growth and propagation of South Rough Ridge, a segment of the Rough Ridge 
System in Central Otago. Growth and propagation rates over the last 450,000 years 
averaged 0.10–0.15 mm/yr and 1.0–2.0 mm/yr, respectively. However, clustering of the 
data implied periods of propagation during 100,000–200,000 yr BP and 400,000–600,000 
yr BP with relative quiescence in between, suggesting episodic growth of the South Rough 
Ridge and possible aperiodic behaviour of the underlying fault. These findings were 
questioned by a follow-up investigation which plotted terrace positions and ages on the 
ridge axis and suggested a more regular pattern of growth than was initially thought 
(Bennett et al. 2005). Regardless, the drainage response to growth was still found not to be 
continuous (Bennett et al. 2005). The revised growth (0.08–0.12 mm/yr) and propagation 
(0.8–1.5 mm/yr) rates differed slightly to those of Jackson et al. (2002) but when 
normalised were in agreement with the initial rates. 
 
1.3.3.5 Dunstan Fault 
 
Results from a recent paleoseismic investigation carried out on the 63-km-long Dunstan 
Fault for a seismic hazard reassessment of the Clyde Dam indicate that the fault has 
experienced at least four and possibly as many as six surface rupture events in the past 
28,000 years (M. W. Stirling, pers. comm.). However, the fault appears to show no 




Dunstan Fault over at least the last 28,000 years (M. W. Stirling, pers. comm.; e.g. Stirling 
and Anooshehpoor 2006; Taylor-Silva et al. 2019).  
 
1.3.3.6 Pisa-Grandview Fault Zone (PGFZ) 
 
Beanland and Berryman (1989) used the folding of alluvial fans to constrain activity along 
the PGFZ. These relationships suggest the occurrence of two active periods during the late 
Quaternary; the first being post-250,000 yr BP, and the second between 70,000 and 50,000–
35,000 yr BP. It was also noted that activity does not appear to have remained focused in 
the same place, and instead, may switch between the Pisa-Grandview and Pisa-Lindis 
segments of the fault zone. This behaviour has also been suggested between the PGFZ and 
the Dunstan Fault (Beanland and Berryman 1989), which, unlike the PGFZ, has shown 
strong evidence for activity in the last 28,000 years.  
 
1.3.3.7 Nevis-Cardrona Fault System (NCFS) 
 
Beanland and Barrow-Hurlbert (1988) used aerial photography, scarp profiling, and 
trenching investigations to assess late Quaternary activity on the Nevis-Cardrona Fault 
System (NCFS). Late Quaternary activity on the NCFS appeared to be discontinuous and 
irregular; recurrence intervals were determined to be 3,600–6,000 years for the Little Nevis 
Fault, 4,000–9,000 years for the NW Cardrona Fault, and <10,000 years in the Lower Nevis 
Basin. This information might suggest that only discrete segments of the whole system 








1.4.1 Stratigraphy  
 
1.4.1.1 Mesozoic basement 
 
The Central Otago area is underlain by basement rocks of the Haast Schist Group, including 
quartzofeldspathic metagreywacke, meta-argillite, greenschist, and rare chert horizons 
(Beanland and Berryman 1989). Metamorphism to the chlorite zone of the greenschist 
facies occurred during Jurassic-Cretaceous times (Thomson 1987; Beanland and Berryman 
1989). Metamorphism was followed by regional uplift and erosion in the Cretaceous, 
exposing the strongly foliated and laminated rocks of textural zone (TZ) IV at the surface 
across much of Central Otago. Weathering to a depth of c. 50 m produced an extensive 
peneplain surface (Waipounamu Erosion Surface; Landis et al. 2008) upon which Tertiary 
sediments (such as the Manuherikia Group and Maniototo Conglomerate) were 
subsequently deposited, during gentle subsidence in the Miocene (Beanland and Barrow-
Hurlbert 1988; Norris and Nicolls 2004). 
 
The basement surrounding the Cardrona Valley is strongly foliated and segregated (TZ IV), 
with pelitic schists, greenschist, and metacherts (Figure 1.7). Basement rock elsewhere in 
the Wānaka-Hāwea Basin (e.g. Grandview Range), has not reached the same metamorphic 
conditions, as indicated by foliated semi-schist texture (TZ IIB) with interbedded non-
schistose to schistose quartzofeldspathic greywacke and argillite (Figure 1.7; Turnbull 
2000) 
 
1.4.1.2 Tertiary sediments 
 
Early to middle Miocene in age, the c. 1-km-thick Manuherikia Group can be subdivided 
into two formations: the fluvial, lignite-bearing Dunstan Formation; and, the overlying 
lacustrine Bannockburn Formation (Douglas 1986). The Dunstan Formation consists of 
quartz gravels, carbonaceous sands, and lignites deposited by fluvial systems traversing the 




the Bannockburn Formation, representative of a deepening lake sequence (Douglas 1986; 
Thomson 1987). Once forming a ‘blanket’ over a large proportion of the Central Otago 
region, the Manuherikia sediments have since been eroded off the uplifting mountain 
ranges during the late Cenozoic, and are now predominantly preserved within the basins 
and valleys between the north to north-east trending ranges (Douglas 1986).  
 
This succession is unconformably overlain by outwash gravels of the Maniototo 
Conglomerate (Youngson et al. 1998). Found around the margins of depressions in the 
range-and-basin topography of the Otago region, the Maniototo Conglomerate is composed 
of weathered greywacke, rare schist gravels, occasional pebbles of quartz and volcanics, 
within a sand matrix (Bishop 1974b; Youngson et al. 1998). Late Miocene to Pleistocene 
in age (Youngson et al. 1998), these sediments were derived from the uplifting ranges 
northeast of the northwest-striking Hawkdun and Waihemo faults with the onset of 
tectonism in Central Otago (Beanland and Barrow-Hurlbert 1988). 
 
Manuherikia Group sediments are observed in localised areas of the Cardrona Valley as 
coarse, angular schist fragments amongst sandstone-dominated gravels (Figure 1.7; 
Beanland and Barrow-Hurlbert 1988; Turnbull 2000). These sediments are not observed 
elsewhere in the Wānaka-Hāwea Basin. Similarly, the Maniototo Conglomerate has not 
been mapped within the Wānaka-Hāwea Basin (Turnbull 2000). Still, Beanland and 
Barrow-Hurlbert (1988) claim it extends as far as the Cardrona Valley and Cromwell Basin. 
 
1.4.1.3 Quaternary sediments 
 
The Tertiary sediments are unconformably overlain by late Quaternary fan and terrace 
deposits (Beanland and Barrow-Hurlbert 1988). Four types of Quaternary deposits are 
observed within the Wānaka-Hāwea basin: mass movement detritus, glacial moraines, 
fluvioglacial sediments, and interglacial lake sediments (Figure 1.7; Thomson 1987). Mass 
movement deposits are not prevalent; the only notable feature representing mass movement 
is the Mt Maude slide located on the hillside at the southwestern margin of Lake Hāwea. 
Glacial and fluvioglacial sediments, however, are widespread and dominate the basin floor. 
They are the products of seven glacial advances and retreats defined in the Wānaka-Hāwea 




advances (Table 1.1). These deposits provide a useful marker for assessing fault 
movements.  
 




1.4.2 Active Tectonic Structures 
 
1.4.2.1 Nevis-Cardrona Fault System 
 
The NCFS is a 120-km-long, active reverse fault system located in the west of the Central 
Otago region of the South Island. First recognised as an active fault by R. Thomson and 
named by G. Halliday in 1982 (Beanland and Barrow-Hurlbert 1988), it is comprised of 
northeast-striking fault segments that are connected by northwest-striking segments, 
linking the Cardrona, Upper Nevis, and Lower Nevis basins. Although the segment 
boundaries were poorly defined, the system was informally subdivided into four structural 
segments: the Nevis; Little Nevis; SE Cardrona; and NW Cardrona faults. Maximum 
relative vertical displacement across the system was estimated to be c. 2 km. Beanland and 
Barrow-Hurlbert (1988) concluded that the NCFS appears to be transitional in tectonic style 
and rate of activity between the Alpine Fault to the west and the Otago Range and Basin 
province to the east. 
 
1.4.2.1 Pisa-Grandview Fault Zone 
 
The PGFZ is a 110-km-long, active reverse fault zone, also located in the west of the 
Central Otago region of the South Island (Beanland and Berryman 1989). Comprised of 
the northeast-striking Pisa Fault and the northwest-striking Grandview Fault, they intersect 
to form a Y-shape map pattern. A 1 km region of sheared schist and late Quaternary folding 














at the foot of the Pisa Range characterises the master Pisa Fault. The Grandview Fault also 
comprises a master fault and late Quaternary folding (Beanland and Berryman 1989). 
 
 
Figure 1.7: Diagram of the study area showing the national hillshade base layer (resolution 15 m) overlain by 
general stratigraphy (modified from Turnbull 2000), tectonic structures and activity (modified from Barrell 
2019), as well as topographic features, fluvial features, and localities relevant to this investigation. See 
Turnbull (2000) for a comprehensive, detailed map, and full stratigraphic descriptions. See Barrell (2019) for 
detailed descriptions regarding the location and activity of tectonic structures in the Queenstown Lakes and 




1.4.3 Geodetic strain and seismicity 
 
 
1.4.3.1 Geodetic strain 
 
Pearson (1990) determined the azimuth of the principal axis of relative compression for the 
Central Otago region to be between 40 and 70, consistent with Thomson (1987). 
However, these determined orientations of crustal strain were not compatible with the 
orientation and geometry of faults in the region. The azimuth of the principal axis of relative 
compression was found to be oblique to the northeast and northwest-striking faults, 
implying strike-slip movement on faults that have traditionally been interpreted as having 
dip-slip motion (Beanland and Barrow-Hurlbert 1988; Beanland and Berryman 1989). A 
model by which the shear strains and tectonics of Central Otago could be reconciled 
implied that if the strain is to be relieved by the northeast- and northwest-striking faults in 
Central Otago, strain must be resolved equally and faults must undergo a substantial 
amount of strike-slip motion. This model indicated a slip-rate of 8 mm/yr for the NCFS 
(Pearson 1990). Beanland and Barrow-Hurlbert (1988) did report evidence for strike-slip 
motion on the NCFS, but not of this magnitude, suggesting that some of the strain may be 




In general, the rates of seismicity across the region surrounding the NW Cardrona Fault are 
very low, and most of the earthquakes are smaller than the magnitude of completeness for 
the GeoNet catalogue (M>4 for the period 1964–present). Only two M>4 events are 
recorded in the area, and these are underneath the southern portion of Lake Wānaka (both 
12 km depth, MW 4.2 and 4.7). These events align partially with the location of the NW 
Cardrona Fault as mapped by Barrell (2019; see Section 1.5.1).  However, there is generally 
an absence of seismic activity in the Cardrona Valley and Wānaka-Hāwea Basin areas, 
which is consistent with the low rates of seismicity across greater central Otago, and in 









1.5.1 Location of the NW Cardrona Fault 
 
As the name suggests, the NW Cardrona Fault is located on the northwest side of the 
Cardrona Valley (Figure 1.7), made evident by the presence of fault scarps and juxtaposing 
lithologies. A previous fault trace map of the NW Cardrona Fault within the Cardrona 
Valley was completed using information from geological mapping, interpretation of aerial 
photographs (e.g. stereoscopic photos and low-sun-angle photography), scarp profiling, 
and trenching investigations (Beanland 1984; Beanland and Barrow-Hurlbert 1988). This 
study revealed a northwest-dipping reverse fault with a probable total throw of 1–2 km. 
Several traces were identified including the Kawarau, Māori Gully, Blackmans Creek, and 
Branch Creek Road traces. Although the initial investigation was carried out by Sarah 
Beanland in 1984 (Beanland 1984; unpublished report), the results were not publically 
available until the publication of Beanland and Barrow-Hurlbert (1988).  
 
Prior to this study, the fault location was was largely unconstrained to the north of the 
Cardrona Valley. The Wakatipu QMAP (Turnbull 2000) and GNS Active Faults Database 
of New Zealand (https://data.gns.cri.nz/af/) project the NW Cardrona Fault to continue 
northeast of the Cardrona Valley, through Albert Town, and toward the southwestern 
margin of Lake Hāwea. This interpretation was based on the locations and orientations of 
both schist and sediment outcrops, which indicated the presence of a fault that extends 
somewhere between the basement rock of Mt Iron, and the steeply-dipping Cenozoic 
sediments exposed on the banks of the Clutha and Hāwea rivers near Albert Town 
(Thomson 1987; Barrell 2019). The observations indicated a northeast-striking, west-side-
up fault, consistent with the characteristics of the NW Cardrona Fault. However, the 
Cardrona Valley exhibits clear evidence for recent activity on the NW Cardrona Fault, and 
yet there is no post-glacial surface deformation between the entrance to the Cardrona 
Valley and Lake Hāwea. The validity of this previous interpretation of the NW Cardrona 
Fault north of the valley has therefore been questioned. Given that this area is rapidly being 
developed, knowledge of the location of the NW Cardrona Fault and its most recent 




With the use of modern LiDAR-derived elevation data, satellite imagery, and field 
inspections, Barrell (2019) identified a scarp feature characterised by a subtle change in 
elevation that curves around the base of Mt Alpha and strikes towards Lake Wānaka. This 
recent observation and its geomorphologic interpretation has led to the proposed 
repositioning of the NW Cardrona Fault. Previously projected to extend northeast of the 
Cardrona Valley towards Lake Hāwea, the most recent surface deformation is now believed 
to curve around the base of Mt Alpha and extend northwest through the Wānaka township 
(Figure 1.7). The monoclinal fold appears to affect a 100 to 200-m-wide zone uplifting the 
western side 4–5 m relative to the east; the deformation clearly expressed by a gentle 
easterly tilt imparted on what would have been initially horizontal lake-beach landforms 
(Barrell 2019). 
 
Despite this modification to the location of the NW Cardrona Fault, a northeast-striking 
fault in the bedrock still exists between the Cardrona Valley and Lake Hāwea, presumed to 
meet with the Grandview Fault underneath Lake Hāwea (Figure 1.7; Barrell 2019). 
Whether this fault was formerly part of the NW Cardrona Fault, or perhaps a similar but 
separate fault, is unknown. For the sake of avoiding confusion regarding post-glacial 
activity on the NW Cardrona Fault, it has been assigned the name ‘Cardrona-Hāwea Fault’ 
in Barrell (2019).  
 
1.5.2 Activity of the NW Cardrona Fault 
 
The activity of the NW Cardrona Fault has been evaluated through the relationships 
between deformation structures and sedimentary deposits in trenching investigations, and 
where possible, constrained by radiocarbon dating methods. Trenches were excavated 
across three traces of the NW Cardrona Fault in the 1980s; namely the Kawarau, Māori 
Gully, and Branch Creek Road traces (Beanland 1984; Beanland and Barrow-Hurlbert 
1988). 
 
The southern Kawarau trace vertically displaces a Mt Iron-age (c. 23,000 years) advance 
surface by 3–4 m (Figure 1.8). A trench excavation across the trace exposed two buried 
soil horizons; both inferred to have been deposited as a result of the fault acting as a 
drainage barrier to a nearby fan after rupture, and deformed colluvial wedge sediments. 




represented by faulting of the lower buried soil, which returned a radiocarbon dating age 
of 20,500  1550 yr BP; a penultimate event represented by faulting of the upper buried 
soil, which yielded a radiocarbon dating age of 9,760  560 yr BP; and, a MRE represented 
by the deformed colluvium (Beanland and Barrow-Hulbert 1988). This information would 
suggest three events on the Kawarau trace in the last c. 22,000 years. 
 
 
Figure 1.8: Trench log of Kawarau trace (from Beanland and Barrow-Hurlbert 1988). 
 
The trace of the NW Cardrona Fault at the Māori Gully location displaces a Hāwea-age (c. 
16,000 years) surface and continues to extend across a landslide to the northeast. A 
trenching investigation revealed a northwest-dipping reverse fault that vertically offset the 
fan surface by c. 4 m, but the number of events responsible for the observed throw could 
not be discerned, and age constraints could not be obtained due to a lack of organic material 
required for radiocarbon dating. It was noted, however, that there was a variation in scarp 
height across the fan surface. At the southern end of the fan, the scarp appeared to be more 
prominent with a height of c. 4 m, whereas the scarp at the northern end of the fan appeared 
to be more subtle and c. 2 m in height. Closer inspection suggested the presence of a 
younger fan overlying the older one, and it was proposed that the varying scarp heights on 




that the good preservation of the trace across the landslide to the north might indicate that 
the scarp is no more than a few thousand years old (Beanland and Barrow-Hurlbert 1988). 
 
The northernmost site to be trenched in the Beanland and Barrow-Hurlbert (1988) 
investigation was the Branch Creek Road trace. This trace extends for 500 m across what 
was thought to be a Hāwea-age (c. 16,000 years) alluvial terrace and displaces the surface 
by 4 m vertically. Unlike the Kawarau and Māori Gully locations, this trace is range-facing 
and believed to be located 500 m southeast of the master NW Cardrona Fault trace (Figure 




Figure 1.9: Northeast-facing cross-section sketch of NW Cardrona Fault at Branch Creek Road (modified 
from Beanland and Barrow-Hurlbert 1988).  
 
Trenching efforts across the Branch Creek Road trace revealed a steeply southeast-dipping 
reverse fault displacing Manuherikia Group sediments over alluvial deposits (Figure 1.10). 
Interpretation of the trench exposure suggested three events; the antepenultimate and 
penultimate represented by differing degrees of deformation of the deposits, and a third 
(and most recent) event represented by deformation of upper scarp-derived deposits 
through to the surface. Due to a lack of organic material, age control could not be applied 
to these events. Because this trace was inferred to be an antithetic fault, it was noted that 
the activity on this trace might not represent that of the master fault; however, it was 
presumed that both faults move as often as each other at depth (Beanland and Barrow-















Deformation associated with the NW Cardrona Fault was previously identified and mapped 
using aerial photography and field observations (Beanland and Barrow-Hurlbert 1988). 
These were some of the preferred methods used for the identification of faults and 
deformation before the 1990s. However, a digital revolution over the last 35 years has 
resulted in the development and advancement of ‘geo-informatics’ (McCalpin 2009). This 
field encompasses the use of digital data sources such as remote sensing images (including 
Digital Elevation Models; DEMs, and satellite imagery), Global Positioning System (GPS) 
measurements, orthophotographs, and Geographic Information Systems (GIS; McCalpin 
2009). Additionally, best estimates for the recent activity and recurrence interval of the NW 
Cardrona Fault were determined through trenching investigations, the relationships 
between deformation and sedimentary deposits, and where possible, dating methods. 
Radiocarbon dating was available at the time of the previous study, but due to a lack of 
organic material, could only be utilised for one of the three trenches excavated along the 
fault (i.e. the Kawarau trace).  
 
Advances in technology, dating methods, and precision over the past 35 years made this a 
timely opportunity to re-evaluate the location and paleoseismic history of the NW Cardrona 
Fault. Examination of remote sensing imagery (i.e. high-resolution topographic data 
collected using Light Detection and Ranging (LiDAR) methods and satellite data) 
accompanied by a field reconnaissance was used to refine the traces of the NW Cardrona 
Fault and subsequently select potential trenching sites. OSL dating methods were used to 
date features displaced across the fault and place constraints on late Quaternary fault 
activity. This technique was not available when the initial investigation was carried out, 
thus the utilisation of this method has yielded enhanced age control. Detailed descriptions 





1.6.1 Remote sensing imagery 
 
The forms of remote sensing imagery utilised in this study were LiDAR-derived Digital 
Elevation Models (DEMs) and satellite imagery in a web-based viewer (e.g. Google Earth 
or Google Maps). A DEM is a digital file that contains elevation data points on a regularly 
spaced grid (McCalpin 2009). The DEMs used in this study were derived from LiDAR 
technology, which records the elevation of features on the Earth’s surface (e.g. bare ground, 
vegetation, and infrastructure) by calculating the delay between a laser pulse from an 
airborne vehicle and its reflected return from the Earth’s surface. A tree or building removal 
algorithm was applied to the data to remove all the signals from the top of these features to 
yield a ‘bare-earth’ DEM (e.g. Cunningham et al. 2006). Because a DEM only includes 
elevation data, a ‘hillshade’ was generated to provide a 3D representation of the surface.  
 
Hillshades combined with the filtering technique have been used successfully to identify 
faults in densely vegetated or populated areas that were previously obscured (Figure 1.11; 
Cunningham et al. 2006; Kondo et al. 2008; Langridge et al. 2014). A hillshade is a 
greyscale image that uses the sun’s relative position as an input to impart shading on the 
image. The sun’s relative position is a function of its altitude and azimuth. Altitude refers 
to the angle of the sun above the horizon and ranges between 0 and 90 degrees; an angle of 
0 degrees would indicate that the sun is on the horizon, whereas an angle of 90 degrees 
would indicate that the sun is directly overhead. Azimuth refers to the sun’s position along 
the horizon and ranges between 0 and 360 degrees; an azimuth of 0 degrees indicates north, 
90 degrees is east, 180 degrees is south, and 270 degrees is west (Esri 2017). In this study, 
the sun’s relative position was manipulated to emphasise features of a particular 
orientation. For example, to optimise viewing of a structure, the sun position was set 












Figure 1.11: Comparison of visual data coverage of the Alpine Fault, west of Franz Josef, New Zealand (from 
Langridge et al. 2014), showing: A) a national scale 25-m DEM with a trace of the Alpine Fault (red line) as 
shown on Cox and Barrell (2007); B) a 3-m LiDAR hillshade model highlighting strike-slip (red arrows) and 
thrust (black arrow) fault traces; C) the ground return point cloud highlighting the difference between grass 
and bush surfaces; and, D) an orthophotograph showing vegetation cover. 
 
Satellite imagery in a web-based viewer was also used to identify surface deformation. 
Despite not being able to see a ‘bare-earth’ surface, it was useful to see the ground surface 
in natural colours and tones, or determine whether any elevation features were man-made 
(e.g. roads that cut into the hillside; Table 1.2). In the case where features were not in a 






outside of the LiDAR data area), a field inspection was carried out to obtain the desired 
detail.  
 
Table 1.2: Comparison of the previous and recent techniques used to define the surface trace of the NW 
Cardrona Fault (modified from McCalpin 2009). 





(Beanland 1984; Beanland and 
Barrow-Hurlbert 1988) 
 
1 – landforms accentuated by 
shadowing 
 
2 – terrain is in natural 
colours/tones 
 
1 – some information lost with 
extreme shadowing  
 
2 – not widely available, 
expensive to acquire 
 
3 – scale and detail of images 
limited to resolution of camera 
and minimum altitude the pilot is 
willing to fly 
 
 






1 – can be processed to show 
“bare-earth” ground surface; 
useful where vegetation obscures 
ground surface 
 
2 – can be manipulated to 
emphasise features 
 
1 – if vegetation is too dense, 
“bare-earth” image cannot be 
generated 
 
2 – not widely available; 
expensive to acquire 
 
3 – scale and detail of imagery 




Satellite imagery in a web-based 





1 – available worldwide and free 
 
2 – image covers large area 
 
3 – views can be vertical or 




1 – resolution varies depending 
on location; often greater 




(Beanland 1984; Beanland and 




1 – terrain is in natural 
colours/tones 
 
2 – higher resolution 
 
 
1 – limited by access and time 
available 
 




1.6.2 Fault trenching 
 
Trenching is one of the most widely used techniques in paleoseismic studies. It involves 
excavating a trench across an area of deformation to understand the nature of prehistoric 
earthquake events. A typical trenching procedure involves the following: trench placement; 
excavation; trench-wall clean-up; marking of units, and gridding of the trench walls; 
construction of a trench log; extraction of samples for analysis; and a review before the 
trench is re-filled.  
 
Trenches are sited to optimise information on earthquake recurrence and earthquake 
displacement (McCalpin 2009). To obtain information on earthquake recurrence, trenches 
are sited where fault displacement has offset or allowed for the deposition of fine-grained 
or organic deposits that can be dated using radiocarbon or luminescence techniques. To 
obtain information on earthquake displacement, trenches are sited across younger 
Quaternary surfaces for the most recent earthquakes on the fault, or across older strata to 
compile a long history of deformation (McCalpin 2009). Lastly, the sense of displacement 
dictates trench orientation. Strike-slip displacement usually necessitates a trench parallel to 
the fault, whereas dip-slip displacements require the trench to be perpendicular to the fault. 
Faults that exhibit both strike- and dip-slip motion need multiple trenches to capture all 
components of slip (McCalpin 2009). 
 
Once the trench is sited, the excavation can be carried out. During excavation, the digger 
bucket may smear sediment across the trench walls. A trench wall clean-up is necessary to 
maintain clarity of the stratigraphic relationships. After this has been completed, the walls 
are prepared for logging. A 1–2 m quadrant string grid is constructed across the trench 
walls. The outlining of stratigraphic horizons and deformation features are carried out using 
coloured nails or tags. This information is logged onto graph paper using the grid on the 
trench walls as a reference. Relationships between deformation features and surfaces of 
known ages may be enough to broadly constrain the age of a prehistoric faulting event; 
however, it is much more desirable to obtain absolute age control using dating methods 
such as radiocarbon or luminescence dating. A review of the trench and the initial 






1.6.3 Optically Stimulated Luminescence (OSL) 
 
OSL is a method of sediment dating that can be used to estimate the time elapsed since 
buried sediment grains were last exposed to sunlight (Murray and Olley 2002). Trace 
amounts of radioactive isotopes of elements, such as potassium, uranium, thorium, and 
rubidium, are naturally present in mineral grains, sediments, and soils. Over time, these 
radionuclides undergo radioactive decay producing ionising radiation. The effects of this 
radiation causes particular minerals (namely quartz and feldspar) within the surrounding 
sediment to accumulate an electron population within light-sensitive ‘traps’ in crystal 
lattice defects. If during transport, the mineral grain is exposed to sufficient sunlight, the 
‘trapped’ electrons will be released, resetting the OSL signal to zero, a process known as 
bleaching. However, if the grain becomes buried or hidden from sunlight, the electron 
population will accumulate over time (up to a saturation limit). It is the dosimetric property 
of these minerals that allow for the determination of a burial age using OSL analysis (Figure 
1.12). 
 
Due to the sensitivity of this dating method, collection and preparation for OSL analysis 
involve great care and several pre-treatments. OSL analysis is carried out on sediment 
samples that have been collected in opaque cores or light-tight tubes by pushing them into 
sediment using coring equipment, or manual insertion into an outcrop or excavated face 
(Mallinson 2008). The diameter of these tubes may depend on the width of the sedimentary 
horizons; smaller diameters (2–3 cm) have been used to minimise mixing across discrete 
horizons (Cortés et al. 2012). The tubes are excavated and ends quickly capped, and the 
core is sent away for analysis (Olley et al. 1999). In the laboratory, both the extraction of 
the samples and processing is carried out under dark-room conditions. Potentially light-
exposed sediments at the ends of the core are discarded, and the remaining sediment is used 
for OSL analysis (Fattahi et al. 2006). Because grains are rarely clean, the sample is treated 
in dilute hydrochloric acid and hydrogen peroxide to remove any carbonate and organic 
material, respectively (Ree et al. 2003; Fattahi et al. 2006). Cleaning of the sample is 
followed by the removal of high-density minerals using sodium polytungstate solution (Ree 
et al. 2003). Doing so minimises the risk of heavily iron-coated grains being present, which 
are less likely to be well bleached than those that are not coated (Olley et al. 1999). The 
separation process may be accompanied by sieving (Mallinson 2008), concentrating grains 




grains). Finally, the samples are treated with hydrofluoric or fluorosilicic acid to remove 
the outermost rind of each grain, removing alpha irradiation (Ree et al. 2003; Fattahi et al. 
2006; Mallinson 2008). For quartz, in particular, this involves dissolving any feldspar 
grains. After this pre-treatment procedure, the samples are suitable for OSL analysis. 
 
The amount of time elapsed since the sediment grains were last exposed to sunlight is 
commonly determined using the single-aliquot regenerative-dose (SAR) method described 
by Murray and Roberts (1998) and Murray and Wintle (2000). This method involves the 
controlled laboratory preheating and optical stimulation (using a known quantity of 
photons) of a single grain. This releases the trapped electrons and subsequently yields a 
measurable natural luminescence (L0) response (Mallinson 2008), the intensity of which is 
a function of the rate of ionising radiation at the location of the burial, and the length of 
time the sample was exposed to this radiation (Olley et al. 1999; Murray and Olley 2002). 
For quartz, the excitation frequencies of blue or green light are used, and the dominant 
emission wavelength measured is in the ultraviolet (Aitken 1994). For potassium feldspar 
or silt-sized grains, the excitation frequency of infrared light is typically used (Rees‐Jones 
et al. 2000) and the dominant emission wavelength measured is in the violet. The sample 
aliquot is then irradiated with increasing radiation levels (beta), heated, and stimulated 
several more times to determine the luminescence that occurs with increasing irradiation 
level/dose rate (Mallinson 2008). These laboratory dose rates (beta dose) are plotted against 
luminescence intensity to produce a growth curve (Figure 1.12) for a particular sample 
aliquot (one sample may contain c. 100 grains; Mallinson 2008). The growth curve 
facilitates the determination of the equivalent dose (De) necessary to produce the initial 
natural OSL signal (Mallinson 2008). Assuming the rate of ionising radiation in the 
sediment is constant, the time elapsed since burial (i.e. luminescence age) can be 
determined by dividing the equivalent dose by the environmental dose rate (Equation 1.4). 
Absorbed ionising radiation is given in the unit Gray (Gy). 
 





This dating method heavily relies on the assumption that the mineral grains were 
sufficiently bleached at the time of the event being dated (Murray and Roberts 1997). 




bleached and for the OSL signal to be reset to zero. In contrast, potassium feldspar is on 
the order of hundreds of seconds. However, this assumption is rarely valid (Murray and 
Roberts 1997; Murray and Olley 2002). Incomplete bleaching before burial is possible 
when quartz grains are coated by iron, manganese oxide, or adhering grains. Additionally, 
the transport medium (e.g. fluvial or aeolian) is rarely transparent as other grains can 
attenuate the light (Murray and Olley 2002). Furthermore, Cortés et al. (2012) attribute 
broad distributions and multiple components in the ages derived from sediments from a 
colluvial wedge on the Mejillones Fault, Chile, to partial or incomplete bleaching. It was 
proposed that this may be a result of short transport distances (1–2 m) leaving insufficient 
time for the OSL signal to reset to zero. Incomplete bleaching may result in an over-
estimate of the burial age of the grain, as the measured equivalent dose is a product of both 
the residual charge trapped at the time of burial, as well as the charge accumulated during 






Figure 1.12: Schematic showing the process that leads to the acquisition of a luminescence signal followed 








The primary aim of this thesis was to re-excavate the Branch Creek Road trench of Beanland 
and Barrow-Hurlbert (1988), to improve age control of faulting events on the NW Cardrona 
Fault. The earlier trench provided evidence of earthquake events, but the lack of carbon in the 
trench sediments meant that dating was not possible at the time. The advent of OSL dating 
techniques has since made dating of the trench sediments possible and hence resulted in this 
re-excavation of the old trench site. This information will contribute to the available data 
constraining the location and activity of faults near rapidly expanding communities and 
infrastructure. 
 
The secondary aim of the project was to contribute to the understanding of fault activity in the 
Otago Range and Basin province. The Otago faults have seen few studies of active faults, 
relative to the more intensive studies in the north. The work that has been done in this region 
seems to indicate that the faults may be exhibiting aperiodic patterns of activity, and possible 
temporal switching of activity between parallel faults (e.g. Taylor-Silva et al. 2019). The theory 
of elastic rebound (Reid 1910) and ‘Characteristic Earthquake Model’ of Schwartz and 
Coppersmith (1984), used as a basis for seismic hazard modelling, assume that faults rupture 
at regular time intervals; an assumption that may be invalid for the Otago faults. Understanding 
earthquake behaviour on individual faults in the Otago Range and Basin province will 
significantly aid the accurate and meaningful estimation of earthquake hazard in the Otago 
region. This information may be more broadly applied to New Zealand faults and other areas 

















































This investigation presents one of the first detailed fault trace maps of the NW Cardrona Fault 
using information from LiDAR-derived DEMs, satellite imagery, and field inspections. This 
chapter describes the methods and techniques used to refine the location and characterise the 
surface expression of the NW Cardrona Fault trace. A short review of the pre-existing and 








To aid in planning studies, the Otago Regional Council (ORC) commissioned an airborne 
LiDAR survey of significant waterways in the Wānaka-Hāwea Basin and Cardrona Valley, 
namely the Hāwea, Clutha and Cardrona rivers. An advantage of this survey for this current 
investigation was that it covered some of the location of the NW Cardrona Fault, both within 
the Cardrona Valley and where it was inferred to cross the Wānaka-Hāwea Basin to the 
northeast (Figure 1.7). Elevation data was collected at a pulse density of 2 pulses/square meter, 




The raw point, LiDAR-derived elevation data was obtained from the ORC in February 2018. 
From this data, DEMs and hillshades were developed for the Hāwea township, the Wānaka 
area extending down the Clutha River towards Queensberry, and the Cardrona River including 
the inferred location of the NW Cardrona Fault along the western side of the Cardrona Valley 
(Figure 2.1). Manipulation of the dataset (generating hillshades and contours) and analysis of 







Figure 2.1: Diagram showing the national hillshade base layer (resolution 15 m), overlain by the extent of the 
ORC Light Detection and Ranging (LiDAR)-derived elevation data (resolution 1 m), shown as hillshades 
generated from Digital Elevation Models (DEMs) and outlined in black. Grey rectangle indicates the location of 
Figure 2.2. 
 
LiDAR-derived elevation data, satellite imagery, and field inspections were utilised to identify 
fault traces and folds associated with deformation on the NW Cardrona Fault. These structures 





were added to the structures in the GIS dataset: Certainty; and, Dip_direction. The Certainty 
field, adopted from Barrell (2019), relates to the level of certainty (Definite, Likely, or 
Possible) to which the feature is recognised as a tectonic structure associated with the NW 
Cardrona Fault. The level of certainty is denoted using different line representations: Definite, 
by a solid line; Likely, by a dashed line; and Possible, by a dotted line. The Dip_direction field 
relates to the direction of dip (Synthetic or Antithetic) of the feature to the northwest-dipping 
master fault. The dip direction is denoted by varying colours: Synthetic faults, by a red line; 
Antithetic faults, by a blue line; and Monocline (only one in this dataset), by a purple line. 
These structures have been used to characterise the trace of the NW Cardrona Fault (Table 2.1). 
 
Table 2.1: Categories and terms used in this investigation to describe faults and folds associated with the NW 
Cardrona Fault (modified from Barrell 2019). 
Category Certainty Dip 
direction 
Nature of evidence 
Fault Definite Synthetic Sharp basin-facing step in ground surface that cannot be attributed 
to other geological factors (e.g. river erosion or landslide 
movements) 
Definite Antithetic Sharp range-facing step in ground surface that cannot be attributed 
to other geological factors (e.g. river erosion or landslide 
movements) 
Likely Synthetic Basin-facing step that cannot readily be attributed to other 
geological factors and/or lies along trend from nearby definite 
fault/monocline 
Likely Antithetic Range-facing step that cannot readily be attributed to other 
geological factors and/or lies along trend from nearby definite 
fault/monocline 
Possible Synthetic Subtle basin-facing step or topographic feature that may possibly 
relate to fault activity 
Possible Antithetic Subtle range-facing step or topographic feature that may possibly 
relate to fault activity 
Monocline Definite Synthetic Broad basin-facing step or rise in ground surface that cannot be 
attributed to other geological factors  
Definite Antithetic Broad range-facing step or rise in ground surface that cannot be 
attributed to other geological factors (e.g. river erosion or landslide 
movements) 
Likely Synthetic Broad basin-facing step or rise that cannot readily be attributed to 
other geological factors and/or lies along trend from nearby definite 
fault/monocline 
Likely Antithetic Broad range-facing step or rise that cannot readily be attributed to 
other geological factors and/or lies along trend from nearby definite 
fault/monocline 
Possible Synthetic Subtle basin-facing step or rise that may possibly relate to fault 
activity 







































































































































































Profiling can be used as a means to understand or quantify deformation across a fault. 
Following the method of Bucknam and Anderson 1979, Beanland (1984) used profiling to 
determine scarp height and surface offset on the Branch Creek Road trace of the NW 
Cardrona Fault.  
 
Projections (extended trendlines) of the foot-wall (FW), hanging-wall (HW), and scarp 
surfaces, along with their attributed elevation and distance values, were used in this 
investigation to provide an estimate of scarp height and surface offset (i.e. vertical 
displacement). Where the slope or gradient of the FW or HW surface was consistent, a 
single, average, projection of the ground surface was generated. However, if the ground 
surface gradient was variable, maximum and minimum ground surface projections were 
generated for the surface (Figure 2.3). Taking into account the horizontal vector, the 
calculated vertical difference in elevation between the intersection of the scarp projection 
and FW surface projection(s), with the intersection of the scarp projection and HW surface 
projection(s), provided an estimate of scarp height. The calculated vertical difference in 
elevation between the FW and HW surface projection(s) at the centre point(s) of the scarp 
(point on ground surface halfway between FW and HW surface projections) provided an 
estimate of surface offset.  
 
Scarp heights and surface offsets have been compiled in Appendix 1. This information was 
used in this investigation to quantify and compare scarp heights and surface offsets along 







Figure 2.3: Example diagram of a profile across a NW Cardrona fault trace demonstrating how scarp heights 
















Number beside scarp = scarp height, m








2.3.1 Kawarau trace 
 
A trace of the NW Cardrona Fault is located within the Kawarau Gorge (45º00’38.33”S / 
168º54’28.71”E; Figure 2.2), as determined by previous field inspections and trenching 
investigations (Beanland 1984; Beanland and Barrow-Hurlbert 1989). At this site, a trace 
of the fault crosses a fan surface for 200 m at an approximate bearing of 012. The trace is 
well expressed in the topography with the western side uplifted by c. 4 m. The Kawarau 
trace is located just beyond the extent of the ORC LiDAR data used in this investigation, 
so no profiles were constructed here. To the north, the fault is projected to continue across 
the Kawarau River and through the Crown Range to the Cardrona Valley. The lack of a 
trace in the Crown Range is presumably due to the nature of the lithology (irregular 
basement schist) and significant erosion. 
 
2.3.2 Māori Gully trace 
 
The Māori Gully trace (44º55’56.50”S / 168º57’14.71”E) identified by Beanland (1984) is 
well expressed in the LiDAR as it extends for 800 m at an approximate bearing of 027 
across fan and landslide surfaces (Figure 2.4). The main exposure of the Māori Gully trace 
was previously trenched by Beanland (1984). This section of the trace extends 150 m across 
a fan surface at an average bearing of 022. Two profiles (MG01 and MG02; Figure 2.4) 
constructed across the southern end of this section of the trace indicate scarp heights of 5.4 
and 6.3 m, with ground surface offsets of 2.0 and 2.9 m, respectively (Figure 2.5). These 
scarp height values are in contrast to the 4.0 m scarp height reported by Beanland (1984) 
for the same location. A profile across the northern end of this section was not done in this 
study; however, Beanland (1984) found the scarp at the northern end to be lesser in height 
(2.0 m) and crossing the main fan surface overlain by a younger fan, leading to the inference 
of at least two rupture events on the trace. 
 
Northeast of the original Māori Gully trench site, the fault trace traverses a landslide for 




were constructed across this section of the trace to quantify the deformation of this feature, 
and subsequently indicate scarp heights of 8.0–10.2 m, with 2.6–4.0 m vertical offsets of 
the landslide surface (Figure 2.5).  
 
LiDAR indicates the presence of a minor, but likely, northern extension of the Māori Gully 
trace. The feature is located 700 m northeast of the Māori Gully trench site of Beanland 
(1984), where a small portion of a now presumably eroded fan surface is crossed by a linear 
feature. The feature extends across the surface for 30 m at an average bearing of 035. A 
profile (MG06; Figure 2.4) constructed across this feature estimates a scarp height of 3.1 
m and a surface offset of 1.4–1.5 m (Figure 2.5), which could be considered a maximum 
for a single-event, vertical displacement on the trace. The characteristics and location of 
this minor feature are consistent with that of the Māori Gully trace, and it is therefore 






Figure 2.4: Images showing location and surface expression of the Māori Gully trace. Top: LiDAR-generated 
hillshade. Bottom: LiDAR-generated hillshade with fault trace (red lines, i.e. synthetic), profiles (white lines), 
















Figure 2.5: Profiles across the Māori Gully trace showing calculated scarp heights and surface offsets. 
































































Figure 2.5 (continued): Profiles across the Māori Gully trace showing calculated scarp heights and surface 






























































2.3.3 Blackmans Creek trace 
 
Located near the confluence of Blackmans Creek and the Cardrona River within the 
Cardrona Valley, a trace of the NW Cardrona Fault traverses a fan surface 200 m west of 
the Crown Range Road (44º54’25.19”S / 168º58’44.10”E; Figure 2.6). The valley-facing 
trace extends 250 m across a fan surface at an average bearing of 048. Five profiles 
constructed across the fault scarp by Beanland (1984) indicated scarp heights of 7.2–9.4 m, 
and surface offsets of 6.7–7.8 m. Because this trace was sufficiently profiled in the 







Figure 2.6: Images showing location and surface expression of the Blackmans Creek trace. Top: LiDAR-







2.3.4 Cardrona Mountain Road trace 
 
Two kilometres west from Cardrona Valley Road on the eastern slope of Mt Cardrona, the 
Cardrona Mountain Road crosses a trace of the NW Cardrona Fault (44º86’14.93”S / 
168º99’79.50”E; Figure 2.7). The valley-facing trace is well exposed for 1 km across the 
hillside at a bearing ranging between 012 and 162, but it is difficult to extend the trace 
further to the north or south due to it crossing landslide topography. A profile constructed 






Figure 2.7: Images showing the location and surface expression of the Cardrona Mountain Road trace. Top: 
LiDAR-generated hillshade. Bottom: LiDAR-generated hillshade with fault trace (red and blue lines) and 






































2.3.5 Branch Creek Road trace 
 
The Branch Creek Road trace (44º49’44.04”S / 169º01’34.67”E) extends 500 m at an 
average bearing of 015 across a terrace surface (Figure 2.9; Figure 2.10). The terrace is 
associated with MacDonalds Creek, which is currently located 200 m to the north, 30 m 
lower than the terrace level. Unlike the previous traces of the fault, this strand is range-
facing, with the southeast side uplifted 3–4 m relative to the northwest (Beanland and 
Barrow-Hurlbert 1988). This differs from the governing sense of displacement on the NW 
Cardrona Fault (i.e. northeast side uplifted). 
 
Five traces constructed perpendicular to the Branch Creek Road trace indicate scarp heights 
ranging between 2.3–4.3 m, and surface offsets (vertical displacement of the ground 






Figure 2.9: Images showing the location and surface expression of the Branch Creek Road trace. Top: 
LiDAR-generated hillshade. Bottom: LiDAR-generated hillshade with fault trace (blue lines i.e. antithetic) 








Figure 2.10: North-facing photograph of the Branch Creek Road trace showing the faulted ‘Main terrace’ 
surface (as in Figure 2.11) of MacDonald’s Creek (which itself is currently located between the pine trees 
and the hill in the mid-distance). 
 
An initial visual inspection of the main Branch Creek Road terrace led to the finding that 
the ‘Main terrace’ (Figure 2.10; Figure 2.11) is actually made up of three terraces with a 
subtle separation between them (‘Subtle terrace risers’; Figure 2.11), and the height of the 
fault scarp is different where it crosses each terrace. In other words, the oldest and highest 
subtle terrace (Terrace Riser 3; TR3), where the trench is located, appears to have 
experienced more displacement than the younger subtle terraces (Terrace Risers 2 and 1; 
TR2 and TR1). A detailed topographic characterisation of the Branch Creek Road trace 
was made to determine the presence of any topographic or geomorphic features either side 
of the fault scarp. A selection of the LiDAR-based DEM coverage for the area surrounding 
the Branch Creek Road trace was made for the practicality of processing. Four contour 
datasets of differing resolution were generated from the DEM to aid geomorphic 
characterisation: 1.0 m; 0.5 m; 0.2 m; and, 0.1 m. Fluvial and geomorphic features were 









Figure 2.11: Image showing LiDAR-generated hillshade of the Branch Creek Road trace, overlain by a 
topographic characterisation of the trace. The subtle terrace risers (TR) have been labelled, the youngest being 
TR1, and the oldest being TR3. 
 
High-resolution contours greatly enhanced the ability to visualise the three smaller terraces 
on the main terrace. The terraces decrease in height and presumably age to the north where 
the modern MacDonald’s Creek is currently situated (around 30 m below the main terrace 
level). Seven profiles were drawn across the main terrace; five perpendicular to the fault 
trace and parallel to the terrace risers to estimate surface offset (BCR01 to BCR05), and 
two parallel to the fault trace to characterise the along-fault topography (BCR06 to BCR07; 
Figure 2.12; Figure 2.13). Profiles were constructed along the base (BCR01) and top 
(BCR02) of the lowest (youngest) terrace riser (TR1). The profiles were drawn parallel to 
the terrace risers from east to west across the main terrace to ensure the gradient of each 
terrace was maintained. Profiles were constructed along the base (BCR03) and top 
(BCR04) of the middle terrace riser (TR2), and BCR05 constructed across the top of the 
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Figure 2.12: Image showing LiDAR-generated hillshade of the Branch Creek Road trace area with labelled 

















Figure 2.13: Profiles across the Branch Creek Road trace showing calculated scarp heights and surface offsets. 
































































Figure 2.13 (continued): Profiles across the Branch Creek Road trace showing calculated scarp heights and 


































































Results of the profiling analysis confirm initial suspicions that the oldest terrace riser (TR3) 
appears to have experienced more uplift than the younger terrace risers (TR1 and TR2). 
TR3 appears to have experienced 0.9–2.0 m of additional surface offset (i.e. vertical 
displacement), and 1.5–2.0 m of additional scarp height, over TR1. The oldest terrace has 
also experienced 1.1 m of additional surface offset, and 0.8 m of additional scarp height, 
over TR2 (Table 2.2). Despite the minimum surface offset of TR2 being 0.9 m greater than 
that of TR1, the maximum vertical separation is 0.1 m less, so a difference in surface offset 
cannot be confidently inferred between the two. Conversely, the scarp height of TR2 is 
0.7–1.2 m greater than that of TR1. 
 
The significant additional vertical separation and scarp height experienced by TR3 is likely 
to be the result of at least one surface rupture event on the Branch Creek Road trace, prior 
to the younger terraces being formed. If so, the available data may indicate a single-event 
surface offset (i.e. vertical displacement) of 1.1 m and a single-event scarp height of 0.7–
1.2 m for the Branch Creek Road trace. 
 
Table 2.2: Estimated surface offsets and scarp heights for the Branch Creek Road trace. 
Profile Relevance  Surface Offset /  
Vertical Displacement (m) 
Scarp Height (m) 
   Ave Min Max Ave Min Max 
BCR01 Base of TR1  – 3.4 4.0 – 2.6 2.9 
BCR02 Top of TR1  – 3.2 4.3 – 2.3 2.8 
BCR03 Base of TR2  – 3.8 4.0 – 3.0 3.1 
BCR04 Top of TR2  4.1 – – 3.5 – – 
BCR05 Top of TR3  5.2 – – 4.3 – – 
         
         
Difference between top of TR3 and TR1 – 2.0 0.9 – 2.0 1.5 
Difference between top of TR3 and TR2 1.1 – – 0.8 – – 




2.3.6 Back Creek trace 
 
LiDAR helps to refine the location of a trace of the NW Cardrona Fault near Back Creek 
in the Cardrona Valley (44º80’57.53”S / 169º03’54.17”E). Exposed on the northern bank 
of Back Creek and extending northeast for 1.7 km, the fault scarp is well expressed in the 
topography at an average bearing of 038 (Figure 2.14). This scarp is antithetic with the 
southeast hanging-wall block uplifted relative to the northwest. Profiles estimate scarp 
heights of 0.03–2.9 m, and surface offsets of 0.7–4.0 m (Figure 2.15), but there may be 
greater surface offsets elsewhere on the trace. It is suspected that this trace is a northern 
continuation of the antithetic Branch Creek Road trace located 2.6 km to the south. 
 
In localised areas along the trace, deformation appears to be in the form of a few smaller, 
parallel secondary faults. These minor structures are observed within (but may not be 
restricted to) a c. 150-m-wide corridor to the east of the Back Creek trace (Figure 2.14), 
and range between 200–500 m in length with scarp heights of 0.03 m and 0.1 m, and surface 
offsets of c. 0.7 and 0.9 m (Figure 2.15). 
 
The LiDAR-derived hillshade also enhances the disparity between the basement schist and 
Quaternary sediments. To the west of the Back Creek trace, the ground surface appears to 
be rough and irregular, signifying the presence of basement schist. In contrast, to the east 
of the trace, the herringbone or fluted drainage pattern reveals the location of the 
Quaternary sediments. The Quaternary sediments appear to be uplifted in the middle of the 





Figure 2.14: Images showing location and surface expression of the Back Creek trace. Top: LiDAR-generated 














Figure 2.15: Profiles across the Back Creek trace showing calculated scarp heights and surface offsets. 

































































2.3.7 Spotts Creek trace 
 
An inspection of satellite imagery suggests the presence of a previously unidentified fault 
trace intersected by Spotts Creek on the eastern side of the Cardrona Valley (44º46’21.52”S 
/ 169º03’33.68”E). Satellite imagery reveals a prominent linear feature that curves for 1.0 
km across fan surfaces, bearing north (004) to the northeast (070;  Figure 2.16; Figure 2.17). 
This particular feature is located just outside the extent of the obtained ORC LiDAR 
coverage; therefore, a field inspection was required to confirm a tectonic origin and make 
a more detailed assessment of the site. The field inspection confirmed the presence of a 
fault scarp, based on the evidence of incision by – and orientation perpendicular to – three 
drainage systems, and location of the trace crossing obliquely across a sloping fan surface. 
The scarp is a valley-facing trace with visual assessments suggesting uplift of the western 
side by c. 5–7 m (Figure 2.18; Figure 2.19), similar to the Blackmans Creek trace. 
 
At a location 800 m southeast of the main Spotts Creek trace, it appears as though 
deformation has been distributed over several smaller faults, similar to the structures 
observed adjacent to the Back Creek trace. A fan surface appears to be intermittently 
staggered by at least two and possibly four small steps (Figure 2.20). The steps range 
between 3.9 m and 6.0 m in height, with 1.5 m to 2.9 m of surface offset and the western 
side uplifted relative to the eastern side for each (Figure 2.21). This area of distributed 
deformation also coincides with the northern termination of the antithetic fault traces (i.e. 






Figure 2.16: Images showing the location and surface expression of the Spotts Creek trace. Top: LiDAR-
generated hillshade and Google Earth satellite image. Bottom: LiDAR-generated hillshades and satellite 
imagery with fault trace (red lines i.e. synthetic) and profiles (white lines). 
 
Sourced from the LINZ Data Service and licensed for re-use under the Creative Commons Attribution 4.0 New Zealand
licence
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Figure 2.17: North-oriented Google Earth image of the Spotts Creek trace (upthrown side, U; downthrown 
side, D). Direction of Figure 2.18 and Figure 2.19 photographs indicated by eye symbols. 
 














Figure 2.19: Northeast-facing photograph of the Spotts Creek trace (upthrown side, U; downthrown side, D) 
 















Figure 2.21: Profiles across the secondary faults located 800 m south of the Spotts Creek trace showing 

































































Figure 2.21 (continued): Profiles across the secondary faults located 800 m south of the Spotts Creek trace 
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2.3.8 Mt Alpha trace 
 
The northernmost fault scarp associated with the NW Cardrona Fault occurs at the eastern 
foot of the Mt Alpha range (44º44’18.10”S / 169º07’29.83”E). The basin-facing trace 
extends approximately 1 km across a Hāwea glacial advance surface at an average bearing 
of 025 (Figure 2.22), with the northwestern side uplifted by 4–5 m (Barrell 2019). The 
surface deformation associated with this trace is visible in the LiDAR-derived hillshade. 
LiDAR depicts the trace to extend across the Hāwea surface as a continuous and prominent 






Figure 2.22: Images showing the location and surface expression of the Mt Alpha trace. Top: LiDAR-
generated hillshade. Bottom: LiDAR-generated hillshade with fault trace (red line i.e. synthetic) and Wānaka 





2.3.9 Albert Town 
 
A site in Albert Town was investigated on account of possible faulting relating to the NW 
Cardrona Fault. The site (4440’23.62”S / 16911’16.99”E) is located on the left bank of 
the Clutha River, 1 km upstream of the Albert Town Bridge (Figure 2.23). Thomson (1987) 
describes this area as a zone of shattering or fault rupture and includes it within the Quartz 
Creek Fault Segment; a fault interpreted to strike from the east side of Mt Iron up to the 
north to the east of Mt Maude. Furthermore, this fault is classified as inactive and is thus 
not shown in the GNS Active Faults Database (https://data.gns.cri.nz/af/) or on the 
Wakatipu QMAP (Turnbull 2000). Given the proximity of this site to the earlier projected 
trace of the NW Cardrona Fault (Turnbull 2000), it was in our interest to investigate this 
location to establish any relation to the fault. 
 
 
Figure 2.23: North-oriented Google Earth image of the Albert Town locality. 
 
At this location, a c. 40-m-high river terrace comprised of alternating sand and gravel beds 
exhibits both compressional and extensional deformation structures (Figure 2.24). The 
compressional structures displace gravel beds by tens of centimetres, whereas the 
 
Possible faulting 










extensional structures appear to show greater displacements up to 1 m. A basal slip plane 




Figure 2.24: Northeast-facing photograph of c. 40-m-high river terrace showing A) the uninterpreted image; 
and, B) the interpreted image with deformation features within sand and gravel layers, a basal slip plane, and 
blue-grey clay towards the base. 
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A fine-grained, blue-grey clay was observed near the base of the outcrop. This was initially 
suspected to be fault gouge, based on colour, grain size, and location proximal to the 
deformation. Our following observations suggest this is not the case: (1) the observation of 
centimetre-wide-bedding in the clay (Figure 2.25), indicating that this is a sedimentary rock 
rather than fault rock; and, (2) the clay was exposed at several locations laterally across the 
slope face, including in the river bed as seen from the edge of the river bank. Alternatively 
put, the blue-grey clay was not localised in the way that would be expected for a fault gouge 
exposure. Whether the clay continues upstream of the deformation was not able to be 




Figure 2.25: North-facing photograph of Albert Town exposure showing centimetre-scale bedding offset by 
centimetre-scale extensional deformation features. Photo: Jonathan Griffin. 
 
This exposure shows no compelling evidence for a recent fault scarp with the same 
characteristics as those observed within the Cardrona Valley. Deformation on the NW 
Cardrona Fault in the valley is significant (some scarps reach up to c. 10 m in height) and 
compressional (fault traces in the valley are reverse). The few compressional features at the 




centimetres, and there appears to be a greater extensional component of deformation at this 
locality. Based on these observations, it does not appear that this is a part of the main strand 
of the NW Cardrona Fault.  
 
2.3.10 Wānaka monocline 
 
The interpretation of the northern extent of the NW Cardrona Fault by Barrell (2019) has 
been added to in this study. A hillshade image was generated from the DEM to optimise 
viewing of the monoclinal structure. The sun position was set perpendicular to the strike of 
the structure (260º) and at an altitude of 20º to maximise shadowing. The result was a 
hillshade that indicates the presence of a monocline with the axis of the fold trending 
northwest towards Lake Wānaka (Figure 2.26). Profiles (WM01 and WM02; Figure 2.26) 
constructed perpendicular to the axis of the monocline at the northern foot of Mt Alpha 
suggest uplift of the western hanging-wall by 7.4–9.3 m (Figure 2.27). Linear shadowing 
of the hillshade indicates the continued expression of the monocline into the township of 
Wānaka, where the tilted lake-beach landforms can be observed (Barrell 2019). Profiling 
at this location (WM03, WMO4, and WMO5; Figure 2.26) reveals an elevation change of 
c. 3–5 m over 100–200 m, with the uplift decreasing to the northeast (Figure 2.27). The 
shadowing that reveals the location of the monocline becomes too subtle to follow as the 







Figure 2.26: Images showing location and surface expression of the Wānaka monocline. Top: LiDAR-

















Figure 2.27: Profiles across the Wānaka monocline trace showing calculated scarp heights and surface offsets. 







































































Figure 2.27 (continued): Profiles across the Wānaka monocline trace showing calculated scarp heights and 






















































LiDAR-derived elevation data, satellite imagery, and field inspections all indicate that the 
surface expression of the NW Cardrona Fault varies throughout its length. Firstly, visibility 
of the fault is mostly dependent on the lithology it is deforming. For example, where the 
fault crosses fan surfaces or river terraces, the trace tends to be quite visible. However, 
where the fault crosses landslide terrain or schist, the fault trace is more difficult to discern. 
Secondly, the NW Cardrona Fault appears to be composed of both synthetic and antithetic 
fault traces. Examples of synthetic fault traces include the Kawarau, Blackmans Creek, 
Cardrona Mountain Road, Spotts Creek, and Mt Alpha traces. Examples of antithetic fault 
traces include the Branch Creek Road and Back Creek traces. The antithetic fault traces 
tend to be located in the central portion of the fault, where they largely coincide with the 
presence of Quaternary (and some Tertiary) sediments to the east. LiDAR also enhances 
the disparity between the herringbone drainage pattern of the Quaternary gravels against 
the more irregular schist surface, further expressing the location of this fault trace. Despite 
the differing dip directions, the antithetic traces appear to show similar amounts of 
displacements to the synthetic traces. Thirdly, the trace of the fault changes in form 
throughout the valley. In some areas, it appears as though the deformation becomes 
distributed over a larger area, rather than on a single fault trace. Also, where the fault exits 









The juxtaposition of Quaternary basin strata against the prominent range of basement schist 
at the eastern margin of the Wānaka-Hāwea Basin is the geological basis on which the 
location of the Grandview Fault is recognised (Figure 1.7; Barrell 2019). Further 
constraints on its location were determined by subsurface investigations. Drill holes 
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revealed a significant displacement of lake sediments across a line that trends NNW from 
near Queensberry towards Lake Hāwea; the cause of deformation deemed to be a west-
facing monoclinal fold that has relatively uplifted deposits 80 m on its eastern side 
(Thomson 1987). Drilling also defined an east-dipping, reverse fault in the sediments near 
Edward Burn, and it was presumed that a comparable fault would underlie the monoclinal 
fold at depth (Thomson 1987). Additionally, the results of a gravity survey alluded to the 
presence of a fault along the foot of the Grandview Range (Thomson 1987). Evidence for 
two zones of deformation suggests that the Grandview Fault is a fracture system along the 
east side of the Wānaka-Hāwea basin, rather than a single fault trace (Thomson 1987).  
 
Due to the focus on the waterways, the LiDAR coverage in the vicinity of the Grandview 
Fault exists only between Luggate and Queensberry either side of the Clutha River (Figure 
2.1). Inspection of this sector of the LiDAR-derived hillshade revealed no evidence for 
surface deformation associated with the Grandview Fault. Despite more widespread 
coverage, satellite imagery similarly did not indicate any the presence of any fault traces at 
the foot of the Grandview Range. The location of the Grandview Fault could not be further 
refined with the remote sensing imagery. 
 
It was suggested by Thomson (1987) that the likely converging nature of the then-NW 
Cardrona and Grandview Faults under Lake Hāwea might have resulted in more activity at 
the northern extent of the Grandview Fault. A field inspection of the Hāwea moraine was 
therefore carried out to search for any evidence of deformation in younger sediments. Since 
the completion of a control structure on the southeastern margin of the lake in 1958, and 
conversion to a reservoir in 1961 as part of a hydroelectric scheme, the water level of Lake 
Hāwea has increased by approximately 14 m, with fluctuations ranging from 2.8 to 21.9 m 
above natural lake level (Thompson and Ryder 2008; Armstrong 2011). These fluctuations 
have subsequently led to significant slumping and erosion of the moraine, producing a 
natural vertical exposure of the Hāwea moraine that extends for 2 km along the southeastern 
perimeter of the lake. The exposure is comprised of fine silts and sands with the 
occasionally suspended boulder, overlying a coarser unit of gravels, pebbles and boulders 
(Armstrong 2011). The boundary between the two is often very sharp.  
 
At one particular location along the moraine (44º 36’ 18” S / 169º 17’ 52” E), the boundary 
between units sloped down by 5–6 m over approximately 100 m towards the southwest 
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(Figure 2.28). At the base of this slope, vertical cracks were present. After an inspection 
along the length of the vertical exposure of the moraine, this feature was considered the 
most likely to represent possible deformation across the Grandview Fault due to its sense 
of displacement (the boundary between units higher on the eastern side, consistent with a 
basin-facing reverse fault) and cracks in the vertical face (possible deformation associated 
with faulting). However, the boundary between the two units was often undulating across 
the entire length of the exposure. Moreover, a detailed investigation that specifically 




Figure 2.28: East-facing photograph of a c. 10 m high exposure of the Hāwea moraine.  
 
LiDAR-derived elevation data, satellite imagery, and field inspections yielded no new 
information on surface deformation associated with the Grandview Fault. As a result, no 








• Analyses of profiles constructed across traces of the NW Cardrona Fault indicate 
varying degrees of deformation, with scarp heights of c. 0.03–13.7 m, and surface 
offsets (i.e. vertical displacements) of c.  0.7–10.3 m. The smaller vertical 
displacements (e.g. 1.4–1.5 m at Māori Gully and 0.7 m at Back Creek) may 
represent a single-event, vertical displacement along the fault. 
 
• Profiling analyses of terraces intersected by the Branch Creek Road trace indicate 
that an older terrace has experienced 0.9–2.0 m of additional surface offset (i.e. 
vertical displacement) over a younger terrace. This difference in vertical separation 
is likely to be the result of at least one faulting event on the Branch Creek Road 
trace prior to the younger terrace being formed. This value may also represent a 
single-event, vertical displacement on the trace. 
 
• In the area of the Branch Creek Road and Back Creek traces, the Quaternary and 
Tertiary sediments have been prominently uplifted in the middle of the valley, but 
not uplifted to the west of these traces. This observation might provide evidence for 
slightly longer-term valley-side-up displacement on this part of the NW Cardrona 
Fault. 
 
• South of the Spotts Creek trace, a fan surface appears to be intermittently staggered 
by at least two and possibly four small steps ranging between 3.9– 6.0 m in height, 
with surface offsets of 1.5–2.9 m. This area of distributed deformation coincides 
with the northern termination of the antithetic fault traces (i.e. Back Creek trace) 
and resumption of the synthetic fault traces (i.e. Spotts Creek trace), suggesting 




• Previously projected to extend northeast of the Cardrona Valley towards Lake 
Hāwea, the most recent post-glacial surface deformation on the NW Cardrona Fault 
is now believed to curve around the base of Mt Alpha and extend northwest through 
the Wānaka township (Barrell 2019). In the Wānaka township, deformation is in 
the form of a gentle monocline that affects a 100 to 200-m-wide zone and uplifts 
the southwestern side by c. 3–5 m relative to the northeast. 
 
• Inspection of LiDAR-derived elevation data, satellite imagery and field inspections 
yielded no new information on surface deformation associated with the Grandview 














































This study involved the re-excavation of the Branch Creek Road trench of Beanland and 
Barrow-Hurlbert (1988), to obtain age control of faulting events on the NW Cardrona Fault. 
Dating techniques like OSL and radiocarbon were unavailable or not able to be applied at 
the time of the original Beanland and Barrow-Hurlbert (1988) work, resulting in no age 
control for faulting events in the trench. This chapter addresses the considerations taken 
into account when selecting potential trench sites on the NW Cardrona Fault, followed by 
a description of the trench procedure involving field and laboratory work. The results of 
the investigation, including a trench description, trench log, and sample ages, have been 








Based on the analysis of LiDAR, satellite imagery, and previous investigations, three 
potential trenching sites were selected to gain information on the recent earthquake events 
on the NW Cardrona Fault: Mt Alpha, Spotts Creek, and Branch Creek Road. The 
southeast-facing Mt Alpha trace is the northern-most, post-glacial fault scarp observed for 
the NW Cardrona Fault. The location and activity of the NW Cardrona Fault north of where 
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it had been mapped in the Cardrona Valley (Beanland and Barrow-Hurlbert 1988) was the 
initial focus of this investigation. Consequently, the Mt Alpha site was the preferred 
selection for trenching. Based on the height of the scarp (4–5 m; Barrell 2019), and previous 
estimates for single-event displacements elsewhere along the NW Cardrona Fault (1.1 m 
and 1.3 m; Beanland and Barrow-Hurlbert 1988), a trench across this trace was thought to 
provide evidence for at least one and possibly up to three of the most recent rupture events. 
However, due to difficulties with land access, this site was not able to be trenched. 
Attention was moved to the next northernmost site – Spotts Creek. 
 
Despite being only recently identified through the examination of satellite imagery and 
confirmed by a field reconnaissance (Barrell 2019), a southeast-facing fault trace is well 
expressed in the topography where it displaces fan surfaces at Spotts Creek. Based on visual 
assessments of the height of the scarp (c. 5–7 m), a trench across this trace was thought to 
provide evidence for at least one and possibly up to four rupture events. Unfortunately, the 
Spotts Creek site was also unable to be trenched due to late-stage, unanticipated land-
management changes. Regardless, it is a potential site for trenching in the future given 
appropriate timing. 
 
Unlike the Mt Alpha and Spotts Creek locations, the Branch Creek Road trace is a 
northwest-facing scarp, with the southeast side uplifted by 4 m relative to the northwest. 
This sense of slip is opposite to the overall sense of movement on the NW Cardrona Fault 
(northwest side uplifted) and raises the question as to whether the Branch Creek Road trace 
represents movement on the master NW Cardrona Fault. Despite being a range-facing 
scarp, the similarity in height compared to that of the valley-facing scarps (e.g. Mt Alpha 
and Spotts Creek) suggests that the Branch Creek Road trace is accommodating a similar 
amount of displacement to the master fault, and therefore is still a good representative of 
recent events on the NW Cardrona Fault. The early paleoseismic trenching investigation 
carried out at this site found faulted Quaternary sediments and evidence for three rupture 
events (Beanland and Barrow-Hurlbert 1988). It was estimated that a re-excavation at this 
site would provide evidence for a similar amount of events. 
 
The Branch Creek Road site was selected for trenching based on the following reasons: 1) 
the site is dominated by fine-grained Quaternary sediments; 2) previous trenching efforts 
have shown clear faulted stratigraphy; and, 3) new dating techniques have become 
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available since the early trenching investigation in the 1980s. Due to the unusual nature of 
the investigation (re-excavation of a 35-year-old trench which had later been used as a 
rubbish pit), it was only feasible to re-excavate one wall of the original trench. The south 
wall of the original trench appeared to have the most informative stratigraphy according to 











This investigation involved the re-excavation of the Branch Creek Road trench of Beanland 
and Barrow-Hurlbert (1988), with the aim of re-exposing the stratigraphy and applying 
modern dating techniques to constrain the timing of earthquake events on the Branch Creek 
Road trace. The outline of the original trench was still visible in satellite imagery and on-
site, proving useful for siting the re-excavation. Re-excavation was carried out on the 14th 
February 2019 and involved digging approximately 1 m south of what would have been 




Trench logging traditionally involves gridding up the trench walls with string, nails and 
spray paint, marking units, making interpretations, constructing a trench log, and logging 
sediment descriptions over several days in the field. Due to the time restrictions that 
resulted from a late-stage and unanticipated cancellation of the Spotts Creek trench, only 
the marking of unit boundaries and logging of unit descriptions were able to be carried out 
over two days. The remainder of the work was completed in the computer laboratory in the 




Units boundaries were marked using nails with coloured tags, with different coloured tags 
delineating unit boundaries. Unit boundaries were defined based on changes in lithology, 
colour, grain size, thickness, rounding, sorting, or other features worth noting such as 
structure or bedding. These characteristics were logged as unit descriptions. The fault itself 




To constrain the timing of faulting events on the Branch Creek Road trace and provide 
uncertainties on particular units, thirteen samples (Field codes: BC01 to BC13), including 
replicate samples of the same unit, were collected from various locations within the trench 
for OSL dating. This process involved obtaining a sample of sediment while avoiding 
exposure of the sediment to light.  An aluminium cylinder with a bevelled end was 
hammered into the trench wall. The cylinder had a stopper at the end that was pushed in by 
the sediment as the cylinder was hammered into the trench wall, thus blocking light from 
the outside end. The cylinder, along with the sediment sample, was extracted and quickly 
wrapped with black plastic, secured with tape, and sample details recorded.  
 
3.3.4 Photography  
 
Given that a trench log was not able to be constructed in the field, numerous photographs 
of the trench wall were used to generate an orthomosaic that was able to be interpreted in 
the laboratory. An orthophoto is an image, or more commonly, a series of images (i.e. an 
orthomosaic), geometrically corrected to produce a photo or image with a uniform scale 
such that it has the same geo-rectified quality as a map (Banerjee and Mitra 2004). Unlike 
a single photo, an orthophoto has the advantage of being able to measure angles and 
distances accurately.  
 
Hundreds of photos were taken of the trench wall using a hand-held camera. The photos 
were taken normal to the trench wall, and with significant overlap (approximately 60–70% 
forwards and 20–30% side-lap) to create matching points between images. This process 
was carried out after the units were marked and samples removed so that these details would 
be included in the generated orthomosaic. Details regarding generating the orthomosaic 
will be addressed in Section 3.3.6. 
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3.3.5 Surveying  
 
The location of the Branch Creek Road trench was surveyed using a Trimble R8s GNSS 
(Global Navigation Satellite System) receiver for the purpose of being able to georeference 
the orthomosaic and place the trench in its real-world location in GIS software. The receiver 
was set up in RTK (Real-Time Kinematic) mode, and data were collected relative to the 
nearest reference station (Alexandra; ALXD). Horizontal and vertical positioning 
performance of the receiver is <0.2 m. Corners of the trench were marked with a yellow 
cross and surveyed with the receiver. 
 
3.3.6 Generating the orthomosaic 
 
An orthomosaic of the trench wall was generated using Agisoft Metashape (formerly 
Agisoft Photoscan) photogrammetry software. A workflow was applied in order to process 
images and produce a textured 3D model in Metashape (Figure 3.1). 
 
 
Figure 3.1: Workflow used to produce a 3D model of the trench wall in Metashape. 
 
Photographs taken of the Branch Creek Road trench were loaded into the Metashape 



















The loaded images were inspected and displayed on the workspace pane. At this stage, any 
unwanted photos were removed from the working set. Photo selection was followed by the 
alignment of the photos, in which Metashape found matching points between the images 
and used these to solve for the interior orientation of the lens (distortion and focal length), 
and exterior orientation of the camera (position and orientation in space). The result was a 
display of the computed camera positions and a sparse point cloud model. Metashape then 
calculated depth information for the estimated camera positions to produce a single dense 
point cloud, which could be used as a basis for the creation of a DEM (ground surface), 
Digital Surface Model (DSM; top surface), or 3D mesh. For this investigation, a 3D mesh 
of the trench wall was the preferred result. A 3D polygonal mesh was reconstructed, 
representing the trench wall surface based on the dense point cloud data. A texture was 
applied to the mesh, optimising the visual quality of the final model. An orthomosaic was 
generated and projected onto the 3D mesh model. Markers were added to the orthomosaic 
for georeferencing. This step involved exporting the GPS data taken from the corners of 
the trench from the RTK receiver as a .csv file. These values were then manually assigned 
to their corresponding locations on the 3D mesh. The orthomosaic was exported as a 
georeferenced and ortho-rectified image (Figure 3.2; Appendix 2), from which unit 
thicknesses, vertical separations, and dip-slip displacements could be measured (these 




























3.3.7 Digitising the trench log 
 
The orthomosaic was imported into ArcGIS software for digitisation. Using measurements 
from the georeferenced orthomosaic in Metashape, the image was manually georeferenced 
within ArcGIS to produce a 1 m2 grid. The trench log was digitised with the colour and 
texture schema made consistent with that of other Otago faults (Figure 3.3; Appendix 3; 
e.g. Taylor-Silva et al. 2019). 
 
3.3.8 OSL dating 
 
Nine of the thirteen samples (Field codes: BC01 to BC08, and BC12) were prioritised and 
submitted to the Victoria University of Wellington Luminescence Dating Laboratory for 
OSL dating. The prioritised samples were those most likely to return the most useful 
constraints on faulting events on the trace, i.e. those closest to the fault interface with the 
least potential for contamination or mixing. Samples least likely to have been contaminated 
(e.g. by reworking) were also prioritised. Samples were prepared using the fine grain (4–
11 μm) technique and luminescence ages determined by the Single Aliquot Regenerative 
(SAR) method. The equivalent dose (paleodose) was calculated using the measurements of 
broadband luminescence from feldspar when subjected to infrared stimulation. The dose 
rate was determined based on gamma spectrometry measurements. Laboratory codes of the 
samples are WLL1378 to WLL1385, and WLL1410, respectively. The full technical 








The following paragraphs describe the stratigraphic units exposed within the south wall of 
the Branch Creek Road trench. A trench log is provided in Figure 3.3. Unit measurements 
such as unit thickness, vertical separation, and dip-slip displacement are compiled in Table 
3.1. OSL data and ages for the Branch Creek Road samples are compiled in Table 3.2. It is 
worth noting that the returned luminescence ages should be treated with caution. 
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Uncertainties or errors in OSL results may arise due to potential light exposure during 
sample acquisition, mixing of sediments of different ages, or incomplete bleaching before 
burial. The samples in this investigation have been weighted according to confidence in the 
calculated luminescence ages for the collected samples (Table 3.3). 
 
3.4.1 Stratigraphy and ages 
 
The Branch Creek Road trench exposes a sequence of four sedimentary units (Unit 2 to 
Unit 5) displaced by a reverse fault that is oriented 015/71 SE at the base of the trench to 
015/27 SE near the surface. This sequence is capped by an undeformed yellow-grey silty 
(Unit 1a/1b) that varies in colour between hanging- to foot-wall, and a pale silty unit (Unit 
0) only present on the hanging-wall of the fault. 
 
The oldest unit observed at the base of the Branch Creek Road trench is a massive, orange-
brown, cobble-containing, clayey silt (Unit 5), understood to be an exposure of the 
Miocene-age Manuherikia Group. Widespread throughout the Manuherikia Valley to the 
east, the Manuherikia Group is only found in localised areas of the Cardrona Valley (Figure 
1.7). This unit has been displaced by the fault, exposing 2.6 m of silt on the hanging-wall. 
Due to excavation depth limitations, the total vertical separation of the unit is not able to 
be determined in the trench. However, the trench log of Beanland and Barrow-Hurlbert 
(1988) indicates a vertical separation of 4.2 m (Figure 1.10).  
 
Overlying the Tertiary unit is a dark grey-blue, coarse gravel (Unit 4), interpreted to be fan 
alluvium by Beanland and Barrow-Hurlbert (1988). A visual estimate for the thickness of 
the gravel on the hanging-wall is 0.8–1.0 m, and a minimum of 0.5 m on the foot-wall. Due 
to excavation depth restrictions, the total thickness of this unit on the foot-wall cannot be 
observed; however, the Beanland and Barrow-Hurlbert (1988) trench log indicates a 
maximum foot-wall thickness of 1.5 m (Figure 1.10). Visual estimates suggest that this unit 
is faulted with a minimum vertical separation of 3.4 m. A maximum vertical separation 
value could not be determined due to excavation depth restrictions; however, the earlier 
trenching investigation which excavated to a greater depth reported a vertical displacement 
of 4.0 m (Beanland and Barrow-Hurlbert 1988). A visual estimate for dip-slip displacement 
is 3.5 m. An OSL age of  39,300 ±4,400 yr BP (BC01; WLL1378) was obtained from the 




Above the fan alluvium is a light to a dark brown unit composed of alternating laminar 
sands and silts (Unit 3), interpreted to be overbank and slopewash deposits by Beanland 
and Barrow-Hurlburt (1988). The thickness of this unit ranges between 1.2–1.5 m on the 
hanging-wall, and 1.2–1.4 m on the foot-wall. A visual estimate for the minimum vertical 
separation is 4.0 m, and 2.5 m for dip-slip displacement. An OSL age of 37,800 ± 4,000 yr 
BP (BC05; 1382) was obtained from the hanging-wall and 27,200 ± 2,800 yr BP (BC06; 
WLL1383) from the foot-wall. 
 
Resting on the laminar sand and silt unit is a light yellow-grey gravelly silt to silty gravel 
(Unit 2d). There is some variation in appearance and thickness for this particular unit 
between the hanging- and foot-wall of the fault. On the hanging-wall, the unit margins are 
well defined by the difference in grain size and colour, compared to the under- and 
overlying units. However, on the foot-wall, the margins are more subtle, and identification 
of this unit was made on the basis of the observation of yellow-grey, gravelly silt, similar 
to the silty gravel on the hanging-wall, stratigraphically above the laminar sands and silts. 
In terms of unit thickness, the hanging-wall thickness for this unit ranges between 0.2–0.9 
m, as opposed to 0.3–0.5 m on the foot-wall. A visual estimate for the minimum vertical 
separation is 4.1 m, and 1.3 m for dip-slip displacement. An OSL age of 10,600 ± 1000 yr 
BP (BC02; WLL1379) was obtained from the hanging-wall and 28,200 ± 2,600 yr BP 
(BC07; WLL1384) from the foot-wall. 
 
Overlying the gravel is mottled, grey-orange silt (Unit 2c). The thickness of the silt ranges 
between 0.7–1.0 m on the hanging-wall, and 1.1–1.8 m on the foot-wall. A visual estimate 
for the minimum vertical separation is 3.1 m, and 1.3 m for dip-slip displacement. An OSL 
age of 3,100 ± 300 yr BP (BC03; WLL1380) was obtained from the hanging-wall and 
14,300 ± 1,400 yr BP (BC08; WLL1385) from the foot-wall. 
 
Covering the gravel is a pale grey-brown gravelly silt (Unit 2b). This unit was distinguished 
from Unit 2c primarily on grain size; Unit 2b contains gravel-sized clasts whereas Unit 2c 
is predominantly silt. This unit was only observed close to the fault on the hanging-wall 
but tops the extent of Unit 2c on the foot-wall. A maximum value for the thickness of the 
unit on the hanging-wall is 0.3 m, and foot-wall thickness ranges between 0.1–0.3 m. A 
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visual estimate for the minimum vertical separation is 3.2 m, and 1.1 m for dip-slip 
displacement.  
 
Above Unit 2b is a similar unit composed of pale-grey-brown cobbly silt (Unit 2a). This 
unit was separated from Unit 2b based on the presence of cobble-sized grains. It is 
suspected that the fault terminates at some point within this unit, as the overly unit (Unit 
1a/b) appears undeformed. Only a small wedge of this unit is preserved on the hanging-
wall. An estimate for the thickness of the unit on the hanging-wall is 0.4 m. The unit is 
more predominant on the foot-wall than the hanging-wall with a thickness range of 0.4–0.5 
m. A minimum value for vertical separation is 1.0 m, and 1.1 m for dip-slip displacement. 
  
The previously described sequence is capped by yellow-grey, organic silt (Unit 1a/1b). The 
unit has acquired a vertical structure with soil and roots developed at the top and appears 
to be undeformed by the fault. The use of 1a/1b refers to the acknowledgement of two 
sections of this unit based on colouration. The foot-wall section appears to be darker in 
colour compared to the hanging-wall section of the unit; an observation believed to be a 
result of soil development associated with the scarp acting as a drainage barrier to the fan 
surface (similar to the Kawarau trace; Figure 1.8). The thickness of the unit either side of 
the fault appears to be consistent, with the hanging-wall ranging between 0.4–0.6 m and 
foot-wall between 0.3–0.5 m. An OSL age of 3,300 ± 600 years BP (BC12; WLL1410) 
was obtained from the hanging-wall. 
 
The youngest unit observed in the sequence is pale silt (Unit 0). Preserved only on the foot-
wall above Unit 1a/1b, it is suspected that this may be human modified or disturbed ground 
on the basis that it is not preserved on both sides of the fault and lacks structure or bedding. 




Figure 3.3: Branch Creek Road trench log, south wall. 
Fault 015/71 at base 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.4.2 Surface rupture events and paleoearthquake timing 
 
Sedimentary observations suggest at least one and possibly as many as three events have 
been preserved in the Branch Creek Road trench. Given the latter, the inferred event history 
and justification is illustrated (Figure 3.4) and described below. 
 
 
Figure 3.4: Event history for the Branch Creek Road fault trace, the top being the earliest and bottom being 
the most recent. 
 
The interpretation of a penultimate event after the deposition of Unit 4 was made on the 
basis of dip-slip displacement. Visual estimates suggest that Unit 4 has experienced a dip-
slip displacement of 3.5 m; a value 1.0 m greater than the dip-slip displacement estimated 
for Unit 3, and 2.2–2.4 m greater than the dip-slip displacement for Units 2d through to 2a 
(Table 3.1). These displacements are consistent with progressive deformation, in which 
older faulted sediments have experienced more deformation than younger faulted 
sediments. A rupture after deposition of Unit 4 is also supported by an observed thickness 
difference of Unit 4 on either side of the fault. The hanging-wall exposure of Unit 4 appears 
to be c. 0.5 m thinner than the corresponding foot-wall exposure (Table 3.1). It is believed 
 
 
Deposition of Unit 5 and 4 
↓ 
Rupture of Units 5 and 4 
↓ 
Deposition of Unit 3 
↓ 
Rupture of Units 5 to 3 
↓ 
Deposition of Unit 2d to 2a 
↓ 
Rupture of Units 5 to 2a 
↓ 
Deposition of Unit 1 
↓ 
Soil development within Unit 1 leading to Units 1a and 1b 
↓ 




that this thickness difference can be attributed to preferential erosion of the exposed 
hanging-wall after a surface rupture. The thickness of the overlying unit (Unit 3) is 
relatively consistent across the fault, suggesting rupture post-deposition of Unit 4 but pre-
deposition of Unit 3; an event most narrowly constrained to between 39,300 ± 4,400 
(youngest OSL age from Unit 4) and 37,800 ± 4,000 years ago (oldest OSL age from Unit 
3; Table 3.2).  
 
The interpretation of an antepenultimate event after the deposition of Unit 3 was also made 
on the basis of dip-slip separation. Visual estimates suggest that Unit 3 has experienced a 
dip-slip separation of 2.5 m; a value 1.2–1.4 m greater than the dip-slip separation estimated 
for Units 2d through to 2a (Table 3.1). This information suggests a rupture post-deposition 
of Unit 3 but pre-deposition of Unit 2d; an event most narrowly constrained to between 
27,200 ± 2,800 (youngest OSL age from Unit 3) and 28,200 ± 2,600 years ago (oldest OSL 
age from Unit 2d; Table 3.2). 
 
The interpretation of sequential deposition followed by rupture of Units 2d through to 2a 
was made based on stability and dip-slip displacements. Near the fault (<1.0 m), Unit 2d 
begins to deform to the point at which the unit is vertical (Figure 3.3). Because Unit 2d is 
a loose and coarse gravel, should a surface rupture event occur, this unit would not be 
preserved standing alone in an overhanging scarp. This observation led to the interpretation 
that Unit 2c was deposited stratigraphically above Unit 2d, and buttressed Unit 2d during 
and post-rupture, implying that no ruptures occurred between the time of deposition of Unit 
2d and Unit 2c. Interestingly, Unit 2c exhibits a c. 0.8 m difference in thickness on either 
side of the fault (Table 3.1). Based on the rationale used to support a rupture after deposition 
of Unit 4, this would equally suggest a rupture after Unit 2c. However, the thickness of the 
unit is approximately the same at the fault interface, so it could be considered that the 
thickness difference is due to the presence of a pre-existing scarp, and increased 
accommodation space and thus sedimentation in the foot-wall as opposed to the hanging-
wall. Units 2b and 2a are inferred to have been deposited on top of Unit 2c. Unit 2b has 
been displaced with only a small section of the unit exposed on the hanging-wall (Table 
3.1). A similar unit thickness on either side of the fault suggests that Unit 2b was not 
preferentially eroded after a rupture, and it is likely that another unit was overlying it at the 
time of the event. Like Unit 2b, Unit 2a has also been displaced with only a small segment 
preserved on the hanging-wall. Visual assessments of Units 2d through to 2a indicate that 
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these units have all experienced a similar amount of dip-slip displacement (1.1–1.3 m; 
Table 3.1), suggesting these units were deposited sequentially and have since been 
deformed by the same number of events.  
 
Based on my observations, I am confident that Unit 1a/b has not been displaced by a surface 
rupture. Unit thickness appears to be relatively consistent across the fault (Table 3.1), and 
no evidence for deformation of sediments or bedding structures were found whilst 
inspecting the trench wall. Unit 0 is only preserved on the foot-wall of the fault and 
similarly (and logically) did not provide any evidence for deformation. This unit has been 
interpreted as human-modified ground. These observations collectively suggest that the 
most recent rupture event occurred before the deposition of Units 1a/b and 0. 
 
Based on these observations and interpretations, the fault is assumed to terminate 
somewhere within Unit 2a due to consistent thickness of the underlying unit (Unit 2b) and 
lack of evidence for rupture of the overlying units (Units 1a/b and 0). This information 
indicates occurrence of the MRE post-deposition of Unit 2a but pre-deposition of Unit 1a/b. 
Due to later changes in the trench wall interpretation, no samples were obtained from what 
is now recognised as Unit 2a. Samples from Unit 2c instead provide an upper bracket to 
this event, and a lower bracket is provided by a sample taken from the hanging-wall 
exposure of Unit 1a/b. The OSL results alone would suggest that this event occurred 
between 3,100 ± 300 (youngest age from Unit 2c) and 3,300 ± 600 years ago (only age 
from Unit 1a/b). However, given our uncertainty in these ages, particularly the hanging-
wall sample for Unit 2c (Table 3.3), it would be more prudent to place the MRE between 
14,300 ± 1,400 (oldest age from Unit 2c) and 3,300 ± 600 years ago (only age from Unit 
1a/b). 
 
3.3.3 Total and single-event displacement 
 
Single-event displacement (SED) refers to the amount of net displacement expected per 
rupture event on any particular fault. For a reverse fault, this is the dip-slip on the fault 
plane, either measured on an event-by-event basis, or, by dividing the total net displacement 




𝑆𝑖𝑛𝑔𝑙𝑒 𝑒𝑣𝑒𝑛𝑡 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 (𝑚) =




In my trench log (Figure 3.3), a maximum dip-slip displacement of 3.5 m has been 
experienced by Unit 4, achieved by what I interpret to be three surface rupture events. 




= 1.17 𝑚; 𝑜𝑟 𝑐. 1.2 𝑚 (3.2) 
 
Unit 3 has experienced a dip-slip displacement of 2.5 m over what I interpret to be two 
surface rupture events, resulting in a dip-slip SED of 1.3 m. Units 2a through to 2d have 
experienced 1.1–1.3 m of dip-slip displacement over what I interpret to be one surface 
rupture event, corresponding to a dip-slip SED of 1.1–1.3 m. This information provides a 
minimum and maximum dip-slip SED of 1.1 and 1.3 m, respectively (Table 3.4). 
 
Table 3.4: Fault parameters and single-event displacement estimates. 
Geological Feature Dip-slip Displacement 
(m) 










Base of Unit 2b 1.1 1 
Base of Unit 2c 1.3 1 
Base of Unit 2d 1.3 1 
Base of Unit 3 2.5 2 1.3 
Base of Unit 4 3.5 3 1.2 
 
Given this information, I estimate a dip-slip SED of 1.1–1.3 m for the Branch Creek Road 
trace. These values are similar to the 1.3 m dip-slip SED suggested for the Branch Creek 
Road trace by Beanland (1984), but likely to be less than the net slip SED at the Kawarau 
trace. This is because the vertical SED (throw) at the latter site is estimated at 1.1 m, and 
the fault dip angle is less than 45 degrees (Beanland and Barrow-Hurlbert 1988). 
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Three surface rupture events were interpreted from the Kawarau trench of Beanland and 
Barrow-Hurlbert (1988); an antepenultimate event around 20,500  1550 years BP; a 
penultimate event around 9,760  560 years BP; and, a MRE post-9,760  560 years BP. 
This event history would indicate three events on the Kawarau trace in the last c. 22,000 
years. This is in comparison to the Branch Creek Road trench of this investigation, which 
provided evidence for an antepenultimate event between 39,300 ± 4,400 years and 37,800 
 4,000 years; a penultimate event between 27,200  2,800 years and 28,200  2,600 years; 
and, a MRE between 14,300 ± 1,400 years and 3,300  600 years. The results from this 
study indicate three ruptures on the Branch Creek Road trace in the last c. 44,000 years.  
 
I am confident that the antepenultimate event of the Branch Creek Road trace does not 
coincide with the antepenultimate event of the Kawarau trace, based on the significant time 
difference between antepenultimate events in the two trenches (minimum of c. 12,000 
years; Figure 3.5). There is a chance the penultimate event of the Branch Creek Road trace 
may instead coincide with the antepenultimate event of the Kawarau trace. The minimum 
time elapsed between events is c. 2,350 years. Given that the sample from the Kawarau 
trench was taken from a buried soil developed after the occurrence of the antepenultimate 
event, this time gap could be accounted for by the time it took for the soil horizon to develop 
post-rupture. It is clear there is an overlap between both the penultimate event and MRE of 
the Kawarau trace, with the MRE of the Branch Creek Road trace (Figure 3.5). It is 
plausible that the same event ruptured both sites. 
 
I cannot use the available data to say whether the full length of the NW Cardrona Fault 
typically ruptures in an earthquake event, or smaller segments rupture at different periods 
in time. However, it does appear as though an event occurred sometime in the last c. 14,000 
years that ruptured along both the Kawarau and Branch Creek Road traces, a distance of at 





Figure 3.5: Comparison of paleoearthquake timing for the Kawarau and Branch Creek Road (BCR) traces of 
the NW Cardrona Fault. The Kawarau event information is from Beanland and Barrow-Hurlbert (1988). The 
Kawarau trace is the most southern of the NW Cardrona Fault traces, with the Branch Creek Road trace 















































• The occurrence of three surface rupture events has been interpreted from the 
Branch Creek Road trench: the antepenultimate event most narrowly constrained 
to post-deposition of Unit 4 (39,300 ± 4,400 years) and pre-deposition of Unit 3 
(37,800  4,000 years); the penultimate event most narrowly constrained to post-
deposition of Unit 3 (27,200  2,800 years) and pre-deposition of Unit 2d (28,200 
 2,600 years); and, the MRE most prudently placed post-deposition of Unit 2a 
(<14,300 ± 1,400 years; Unit 2c) and pre-deposition of Unit 1a/b (3,300  600 
years). 
 
• The Branch Creek Road trace has experienced 3.5 m of dip-slip displacement over 
three surface rupture events. The average dip-slip single-event displacement is 1.2 
m, with minimum and maximum values of 1.1 m and 1.3 m, respectively.  
 
• Comparison of paleoearthquake timings at the Branch Creek trench and the 
Kawarau trench of Beanland and Barrow-Hurlbert (1988) suggests that some 
earthquakes have ruptured at least c. 20 km of the NW Cardrona Fault. The 
penultimate event in the Branch Creek Road trench and the antepenultimate event 
in the Kawarau trench appear to be coincident. Similarly, the MREs in both trenches 

















































The rapidly increasing population of the Central Otago area makes earthquake hazard an 
increasingly important consideration. This chapter provides estimates of the rupture 
parameters for an earthquake on the Branch Creek Road trace associated with the NW 
Cardrona Fault. Knowledge of these parameters may be used to understand the hazard 








Based on the estimates of the population usually residing in each area during the June 2019 
year, the Selwyn, Central Otago, and Queenstown-Lakes districts were deemed to be the 
fastest-growing territorial authority areas in New Zealand (Stats NZ 2019). The resident 
population of the Central Otago district was estimated to be 23,100 as of June 2019, and 
the Queenstown-Lakes district was estimated to be 41,700 in the same year (Stats NZ 
2020). 
 
The primary seismic hazard facing the Queenstown-Lakes and Central Otago districts is an 
Alpine Fault rupture, which has an estimated 30% probability of rupture within the next 50 
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years (Mackey 2015). The estimated MW 8.0 Alpine Fault rupture is expected to cause 1–
2 minutes of low-frequency shaking in Wānaka and Queenstown, at a shaking intensity 
(MMI) of 7 (Mackey 2015). However, the most significant seismic hazards are expected to 
come from the more local faults, such as the NW Cardrona, Pisa, and Dunstan faults. The 
closest of these faults to Wānaka and Queenstown is the NW Cardrona Fault, which is 
included in the present version of the National Seismic Hazard Model (NSHM) for New 
Zealand as producing large earthquakes (MW 7.0) with a recurrence interval of c. 6,200 
years (Stirling et al. 2012). Despite these earthquakes being lower in magnitude and less 
frequent than those of the Alpine Fault, an earthquake on the NW Cardrona Fault would 
produce far stronger shaking in Queenstown and Wānaka than a more distant Alpine Fault 
event. 
 
In addition to the strong shaking that would be produced by an earthquake rupture on the 
NW Cardrona Fault, the scarps and folds present along the length of the fault show that an 
earthquake would also cause vertical displacement across the rupture of >1 m, as well as 
more distributed ground cracking, tilting, and warping. These effects could impact the 
functionality of buildings, infrastructure, and natural or engineered drainage systems along 








In the 2010 update of the NSHM for New Zealand, the NW Cardrona Fault is assigned a 
length of 34 km and recurrence interval of c. 6,200 years (Stirling et al. 2012). The NW 
Cardrona Fault has since been subdivided into two sources; a northern and southern 
segment with the boundary between the two located near Back Creek (Mackey 2015; 
Barrell 2019). After the recognition that post-glacial ruptures on the NW Cardrona Fault 
were more likely to extend northwest through Wānaka rather than northeast towards Lake 
Hāwea, revisions have been proposed to the length of the fault. Barrell (2019) places the 
northern end of the northern segment of the NW Cardrona Fault c. 5 km northwest of 
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Wānaka. This segment then extends southeast underneath Wānaka, southwest through the 
Cardrona Valley, to a southern end at the Cardrona village (Figure 1.7), a revised length of 
30 km (Barrell 2019). Consequently, the recurrence interval is reduced to c. 5,500 years for 
this segment (Table 4.1). The southern segment of the NW Cardrona Fault is projected to 
extend southwest from the Cardrona village and across the Kawarau Gorge towards 
Doolans Saddle (Figure 1.7); also, a revised length of 30 km, and recurrence interval of c. 
5,500 years (Barrell 2019).  
 
Table 4.1: Fault source parameters for the NW Cardrona Fault. 
Fault parameters NW Cardrona Fault NW Cardrona Fault 
  Northern segment Southern segment 
Fault type Reverse   
Fault length (km) 34 30 30 
Fault dip (degrees) 60   
Dip direction (degrees) 300   
Depth to base of fault (km) 15   
Depth to top of fault (km) 0   
Slip rate (mm/yr) 0.38   
Moment magnitude (MW) 7.0   
Single-event displacement (m) 2.4   
Recurrence interval (years) 6,230 c. 5,500 c. 5,500 








4.4.1 Slip rate 
 
Slip rate refers to the displacement on a fault averaged over a unit time interval. It can be 
calculated with the knowledge of the dip-slip displacement on the fault and the period over 
which this displacement has occurred (Equation 4.1). 
 
𝑆𝑙𝑖𝑝 𝑟𝑎𝑡𝑒 =






A late-Pleistocene-to-present slip rate for the Branch Creek Road trace of the NW Cardrona 
Fault can be calculated from the total dip-slip displacement and the OSL age that pre-dates 
the three events inferred to be responsible for this displacement. Three surface rupture 
events are believed to have occurred after the deposition of Unit 4. Samples retrieved from 
the top of Unit 4 on the hanging- and foot-wall of the fault yield OSL ages of 49,200 ± 
4,100 years (BC04; WLL1381) and 39,300 ± 4,400 years (BC05; WLL1382), respectively 
(Figure 3.3; Table 3.2). Given a minimum period of c. 39,300 years since the deposition of 
Unit 4 and a dip-slip separation of 3.5 m, I calculate a maximum slip rate of 0.089 mm/yr 
or c. 0.1 mm/yr. This value is less than the 0.38 mm/yr rate given for the NW Cardrona 




= 0.89 𝑚𝑚/𝑦𝑟; 𝑜𝑟 𝑐. 0.1 𝑚𝑚/𝑦𝑟 (4.2) 
 
The maximum vertical displacement across the NW Cardrona Fault is estimated to be 1–2 
km (Beanland and Barrow-Hurlbert 1988). Assuming an average fault dip angle of 60º 
(Stirling et al. 2012), and possible commencement of fault activity in the Pliocene 
(approximately 4 million years ago; Beanland and Barrow-Hurlbert 1988), I calculate 
maximum and minimum dip-slip displacements of approximately 1.2 km and 2.3 km, 
giving long-term slip rates of 0.29 mm/yr and 0.58 mm/yr, respectively (Equations 4.3 and 
4.4). These values are greater than the short-term slip rate calculated for the Branch Creek 
Road trace, but the average of the two (0.43 mm/yr) is similar to the 0.38 mm/yr slip rate 













4.4.2 Recurrence interval 
 
The recurrence interval or return period of a fault is the average time span, in years, between 
rupture events on a fault, assuming faults rupture at regular time intervals with constant 
increments of slip (Stirling et al. 2012). The following equation (Equation 4.5) describes 
the regression used to calculate the recurrence interval. The single-event displacement is 
given in mm, and slip-rate is given in mm/yr. 
 
𝑅𝑒𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 =




I have calculated a recurrence interval for the Branch Creek Road trace based on the 
previously determined rupture parameters. Our estimate for a single event displacement on 
the fault trace is 1.1–1.3 m, with a calculated slip-rate of 0.089 mm/yr, or c. 0.1 mm/yr. 
Using this information, I calculate a recurrence interval of c. 11,200–14,600 years 
(Equations 4.6 and 4.7). This value is greater than both the 4,000–9,000 year range given 
for the recurrence interval of the NW Cardrona Fault by Beanland and Barrow-Hurlbert 
(1988), and the revised c. 5,500 year recurrence interval for the northern and southern 












Moment magnitude (MW) is a logarithmic measure of the size of the earthquake source. An 
estimate for the MW of a NW Cardrona Fault earthquake can be calculated with the 
knowledge of fault dimensions, such as the area (A, in km2), or the fault length (L) and 
width (W), in kilometres. The following equation (Equation 4.8), given in Stirling et al. 
(2012), describes the regression used to calculate MW for New Zealand faults, with the 
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exception of normal faults in volcanic and rift environments, subduction interfaces, and the 
Alpine Fault (Stirling et al. 2012). 
 






log 𝐿 (4.8) 
 
The NW Cardrona Fault was previously believed to extend from approximately the 
Kawarau trace in the south to the southwestern margin of Lake Hāwea in the north 
(Beanland and Barrow-Hurlbert 1988), a distance of c. 50 km. Assuming a maximum fault 
depth of 15 km and a fault dip of 60º (Stirling et al. 2012), I calculate a fault plane width 
of 17.3 km (Equation 4.9). Should the entire fault rupture in an earthquake event, I would 
estimate a moment magnitude of 7.3 (Equation 4.10). However, as described in Chapter 2, 
a modification to the location of the NW Cardrona Fault has been proposed (Barrell 2019), 












log(50) = 7.3 (4.10) 
 
I have recalculated a moment magnitude for the NW Cardrona Fault that takes account of 
the proposed repositioning of the fault. The new interpretation views the fault extending 
from Doolans Saddle in the south (12 km south of Gibbston), north through the Cardrona 
Valley, and into Lake Wānaka, a distance of c. 60 km (Barrell 2019). Assuming the same 
fault depth of 15 km and fault dip of 60º, a fault plane width of 17.3 km is maintained. With 








log(60) = 7.4 (4.11) 
 
It is worth noting that several assumptions or generalisations have been made in these 
calculations. Firstly, I have taken the fault dip from Stirling et al. (2012). If I were to assume 
that the dip angle of the NW Cardrona Fault was similar to that of the fault in the basal 
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units of the Branch Creek Road trace (71º), a moment magnitude of 7.4 would still be 











log(60) = 7.4 (4.12) 
 
Secondly, my magnitude calculations assume that the entire length of the fault ruptures in 
a single event, whereas evidence presented in Chapter 3 indicates that the fault ruptures in 
independent segments (Figure X). Using the segmentation model and revised fault lengths 









log(30) = 7.0 (4.13) 
 
Lastly, discussion to this point has been based on the assumption that the Branch Creek 
Road trace is part of the master NW Cardrona Fault. It is important to address the issue that 
the scarp is northwest-facing at the Branch Creek Road trace, whereas the master fault dip 
is to the southeast. The northwest-facing scarps (i.e. Branch Creek Road and Back Creek) 
are in opposite sense to the majority of traces along the fault, and in opposite sense to the 
long-term uplift of the Cardrona Range relative to the Cardrona Valley.  
 
Beanland and Barrow-Hurlbert (1988) considered the Branch Creek Road trace to be 
antithetic, on the basis that the trace dips in the opposite direction to the master NW 
Cardrona Fault. However, this interpretation would require the master fault to be instead 
located to the southeast of the Branch Creek Road trace (e.g. Figure 1.2). Beanland and 
Barrow-Hurlbert (1988) hypothesised that the Branch Creek Road trace could be a bedding-
plane slip fault, associated with deformation of the steeply-dipping Tertiary sediments 
underlying this area of the valley. Another possibility, suggested by Barrell (2019), has 
been made based on geological relationships. At a location 800 m southeast of the Spotts 
Creek trace, it appears as though deformation has been distributed over several smaller 
faults (Figure 2.20). This zone of distributed deformation coincides with the northern 
termination of the antithetic fault traces (i.e. Branch Creek Road and Back Creek trace) and 
the resumption of the synthetic fault traces (e.g. Spotts Creek trace; Figure 2.2). This 
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observation may indicate some complexity where an antithetic (northwest-facing) trace 
shifts into a synthetic (east-facing trace), or at least suggests that the traces are closely 
related. Barrell (2019) proposes that the northwest-facing traces (i.e. Branch Creek Road 
and Back Creek) may represent a ‘pop-up’ over an area where the tip of the master NW 
Cardrona Fault has terminated before reaching the surface (i.e. a blind fault). If correct, this 
interpretation would suggest that: 1) the location of the northwest-facing traces would 
approximate the location of the tip of the master fault; and, 2) ruptures on the northwest-
facing traces are directly linked to ruptures on the master NW Cardrona Fault.  
 
My observations suggest that the height of the Branch Creek Road scarp and scarp 
geomorphology is compatible with scarps elsewhere on the fault, and the event prehistory 
in the trench is compatible with those of other trench sites excavated in the 1980s (e.g. the 
Kawarau trace). With this in mind, it is plausible to think that the most recent events on 
this part of the NW Cardrona Fault have occurred on (but were not restricted to) a southeast-
dipping structural complexity on the fault. The uplift of the Cardrona Valley relative to the 
Cardrona Range across the Branch Creek Road trace is obviously not a long-term 
phenomenon, or there would not be a range to the west and valley to the east in this part of 
the Cardrona Valley and Range. The Branch Creek Road trace should, therefore, be viewed 
as a geologically short-lived structural complexity in the NW Cardrona Fault that 






Figure 4.1: Northwest-facing Branch Creek Road and Back Creek traces accommodating NW-SE contraction 








• Dip-slip displacement on the Branch Creek Road trace coupled with OSL dating of 
faulted and unfaulted sediments within the trench provides a slip rate estimate of 
0.089 mm/yr or c. 0.1 mm/yr. This slip rate is in contrast to previous studies, which 
indicated a long-term slip rate of 0.43 mm/yr for the NW Cardrona Fault.  
 
• Using single-event displacement values of 1.1–1.3 m and a slip rate of 0.089 mm/yr, 
I obtain a recurrence interval of c. 11,200–14,600 years for the Branch Creek Road 
trace. 
 
• Taking account of the changes to the fault location in the north, I calculate a MW of 
7.4 for the NW Cardrona Fault, assuming the full length of the fault ruptures. If the 
fault were instead assumed to rupture in two segments of roughly equal length (30 
km), I would calculate a MW of 7.0 for each segment.  
 
• The east-side-up sense of slip on the Branch Creek Road trace is opposite to the rest 
of the NW Cardrona Fault, and possibly represents a short-lived structural 
complexity in the fault. The overall similarities of fault scarp geomorphology and 
earthquake prehistory between the Branch Creek Road trace and other traces on the 
fault are supportive of the trace being considered part of the NW Cardrona Fault, 

















































The surface expression of the NW Cardrona Fault is highly variable throughout its length. 
Visibility of the fault is largely dependent on whether the fault crosses fan surfaces (well 
expressed) or basement schist and landslide terrain (poorly expressed). The NW Cardrona Fault 
appears to be composed of both synthetic (southeast-facing) and antithetic (northwest-facing) 
fault traces; the antithetic fault traces located in the central portion of the fault. Finally, the 
trace of the fault changes in form along the length of the valley. In some areas, it appears as 
though the deformation is distributed over a larger area, rather than on a single fault trace. Also, 
where the fault exits the Cardrona Valley to the north, it loses the prominence of a fault scarp 
and associated range front. Instead, it appears to transition into a subtle monoclinal structure 
well out in the lowlands. A recent review (Barrell 2019) has refined mapping of the fault 
location, and via the aid of LiDAR, found that post-glacial activity on the fault has probably 
extended north through the Wānaka township rather than continuing northeast towards Lake 
Hāwea as previously thought. 
 
The results of profiling analyses across traces of the NW Cardrona Fault indicate that scarp 
heights vary between 0.03–13.7 m, and surface offsets (vertical separation) of the ground 
surface range between 0.7–10.3 m. The smaller vertical displacements (e.g. 1.5 m at Māori 










This study involved the re-excavation of the Branch Creek Road trench of Beanland and 
Barrow-Hurlbert (1988), to obtain age control of faulting events on the NW Cardrona Fault. 
The occurrence of three surface rupture events has been interpreted from the Branch Creek 
Road trench. With the application of OSL dating methods, the timing of the events have been 
constrained to the following: an antepenultimate event most narrowly constrained to post-
deposition of Unit 4 (39,300 ± 4,400 years) and pre-deposition of Unit 3 (37,800  4,000 years); 
a penultimate event most narrowly constrained to post-deposition of Unit 3 (27,200  2,800 
years) and pre-deposition of Unit 2d (28,200  2,600 years); and, a MRE most prudently placed 
post-deposition of Unit 2a (<14,300 ± 1,400 years; Unit 2c) and pre-deposition of Unit 1a/b 
(3,300  600 years). The Branch Creek Road trace has experienced 3.5 m of dip-slip 
displacement over the course of three surface rupture events. The average dip-slip single-event 
displacement is 1.2 m, with minimum and maximum values of 1.1 m and 1.3 m, respectively. 
 
The timing of rupture events on the Branch Creek Road trace appears to be compatible with 
the timing of rupture events on the Kawarau trace, particularly the penultimate event and MRE. 
The average dip-slip single-event displacement calculated for the Branch Creek Road trace 
(1.2 m) is similar to the average vertical single-event displacement for the Kawarau trace (1.1 
m; Beanland and Barrow-Hurlbert 1988) and a possible vertical single-event displacement for 
the Branch Creek Road trace (1.1. m; Table 2.2), supporting the idea that, despite facing the 
opposite direction to the master NW Cardrona Fault, ruptures on the northwest-facing fault 
traces (e.g. Branch Creek Road and Back Creek) are accommodating a similar amount of 
displacement to the master fault. Based on geological relationships and observations of 
structures near Spotts Creek, it has been proposed that the antithetic traces are part of a larger 
‘pop-up’ structure above a section of the master fault that terminates in the subsurface. If 
correct, this interpretation would suggest that the location of the northwest-facing traces would 
approximate the location of the tip of the master fault, and ruptures on the northwest-facing 










OSL dating of faulted and unfaulted sediments within the Branch Creek Road trench provides 
a slip rate estimate of 0.089 mm/yr or c. 0.1 mm/yr. Using single-event displacement values of 
1.1–1.3 m and a slip rate of 0.089 mm/yr, I obtain a recurrence interval of c. 11,200–14,600 
years for the Branch Creek Road trace. Taking account of the changes to the fault location in 
the north, I calculate a MW of 7.4 for the NW Cardrona Fault, assuming the full length of the 
fault ruptures. If the fault were instead assumed to rupture in two segments of roughly equal 
length (30 km), I would calculate a MW of 7.0 for each segment.  
 
Based on the available information, ruptures on the Kawarau and Branch Creek Road traces 
appear to be spaced relatively regularly in time. The NW Cardrona Fault, therefore, does not 
appear to show the same aperiodicity in earthquake occurrence seen on other faults in the Otago 








Given appropriate timing, a trenching investigation across the Spotts Creek trace coupled with 
OSL dating techniques would provide constraints on the timing of ruptures on the northern 
segment of the NW Cardrona Fault. As the Spotts Creek trace is closer to the Wānaka township,  
it may also provide a more relevant estimate of seismic hazard in the vicinity of a rapidly 
growing population. Understanding where and how far the fault extends northwest into Lake 
Wānaka would also be useful for understanding the seismic hazard for the Wānaka area. A 
geophysical survey of the lake floor may be used to detect the location of the NW Cardrona 
Fault. An investigation of this manner was carried out in December 2019 by the National 
Institute of Water and Atmospheric Research (NIWA), after the revision to the northern extent 
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Appendix 1: Compilation of scarp height and surface offset (i.e. vertical displacement) values for traces of the 
NW Cardrona Fault. 
Profile Scarp Height (m) Surface Offset / Vertical Displacement (m) 
 Average Minimum Maximum Average Minimum Maximum 
MG01 5.4 – – 2.0 – – 
MG02 6.3 – – 2.9 – – 
MG03 8.0 – – 4.0 – – 
MG04 8.9 – – 3.3 – – 
MG05 – 8.3 10.2 – 2.6 3.2 
MG06 3.1 – – – 1.4 1.5 
CMR01 13.7 – – 10.3 – – 
BCR01 – 2.6 2.9 – 3.4 4.0 
BCR02 – 2.3 2.8 – 3.2 4.3 
BCR03 – 3.0 3.1 – 3.8 4.0 
BCR04 3.5 – 3.5 4.1 – 4.1 
BCR05 4.3 – 4.3 5.2 – 5.2 
BC01 2.9 – – 3.9 – – 
BC02A 0.03 – – 0.9 – – 
BC02B 0.1 – – 0.7 – – 
BC03 2.6 – 2.6 4.0 – 4.0 
SC01A – 5.6 6.0 – 1.8 2.2 
SC01B 5.4 – – 2.9 – – 
SC01C 3.9 – – 1.5 – – 
SC01D – – – – – – 
WM01 7.4 – – 7.4 – – 
WM02 9.3 – – 9.3 – – 
WM03 5.3 – – 5.3 – – 
WM04 4.1 – – 4.1 – – 
WM05 3.2 – – 3.2 – – 
 
 
Appendix 2: Orthomosaic of the Branch Creek Road trench, south wall (digital appendix) 
 
Appendix 3: Branch Creek Road trench log, south wall (digital appendix) 
 
Appendix 4 : Optically Stimulated Luminescence (OSL) dating reports (digital appendix) 
 
 
 
